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ABSTRACT
Magnetic hysteresis in rod specimens of type I super­
conductors and low i< type II superconducting alloys has been 
studied.
Magnetisation measurements with single crystal 2 wt% Pbln 
specimens, some of which were plastically strained at 4.2°K, 
showed that bulk flux pinning accounted for only a minor 
fraction of mixed state hysteresis. The major fraction was 
due to complete surface current shielding; this and the 
remaining contribution to hysteresis were both dependent on 
surface condition. Axial variations of magnetisation, 
dependent on field history and surface condition, showed that 
bulk flux changes were delayed by surface flux spot pinning. 
Theoretical considerations indicate a correlation between the 
surface shielding current hysteresis and flux spot pinning.
Complex permeability transitions indicated a frequency 
effect in the response of 2 wt% Pbln to a small A.C. field.
M waveforms and M - H minor hysteresis loops showed that this 
effect was evident only in that part of the hysteresis not 
associated with complete surface current shielding. The 
response to an incremental field change was analysed into a 
short-lived exponential, caused by bulk flux flow, and a longer 
lived transient, which, being dependent on surface condition, 
was tentatively associated with the viscous flow of flux spots. 
This mechanism was suggested as the origin of the frequency 
effects.
The hysteresis in the magnetisation curves of unstrained 
specimens of Pb, Sn and In was almost eliminated by a
sufficiently high plastic strain at 4-.2°K. At lower strains, 
specimens under tension exhibited less hysteresis than unloaded 
specimens. These results are discussed in terms of the prop­
agation of the superconducting phase into the deformed metal.
Changes in the shape of the increasing field magnetisation 
curves of Hg specimens, strained at 4„2°K, indicated that the 
metal underwent a partial phase transformation. The product 
phase, labelled Hg, is distinct from Q Hg by having a 
different critical field curve and a different temperature at 
which it transforms back to the oL phase.
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CHAPTER I
INTRODUCTION
1.1 . The scope of the thesis
The aim of the work reported in this thesis was to invest­
igate the causes of magnetic irreversibility in rod specimens 
of low K type II superconducting alloys, and to study the res­
ponse of these materials to a small, low frequency, A.C. field 
superimposed on a D.C. field. During the course of the exper­
iments, interesting results were obtained which were outside the 
proposed field of research. These results, including the effect 
of low temperature strain on the magnetisation curves of rod 
specimens of certain type I super - conductors have also been 
fully investigated.
It was decided to begin the experiments with specimens of 
33 at% InTl and 38 at% InTl, materials used by my predecessor 
Kwan Sik-Hung. It became apparent, however, that specimens of 
these alloys were unsuitable for certain experiments. Pbln 
was found to be a much more suitable alloy, for reasons given 
in Chapter 3i and most of the work on type II superconductors 
was done on 2 wt% .Pbln alloy specimens. The work on type I 
superconductors was carried out with rod specimens of Pb, Sn,
In and Hg.
In this introductory chapter, some of the basic ideas of 
superconductivity are described. A review is then given of 
theoretical and experimental work relevant to the experiments 
reported in this thesis.
Unless otherwise stated, Gaussian units are used through­
out this thesis.
1.2 Basic Ideas of superconductivity
1.2.1 The London equations
To account for the electromagnetic properties of what are 
now called type I superconductors, F. and H. London (1935) 
proposed two equations relating the supercurrent density, , 
and its derivative,V*s , to the local magnetic field,K , and
m T
to the local electric field, j, respectively.
The first London equation describes the diamagnetic prop­
erty of a superconductor s
A ewe - ~ i? (L.l)
~ c
The second London equation describes the perfect conduct­
ivity of a superconductor :
A Ik? = (L.2)
jl. and h are related by the Maxwell equation curl jl -
c
A is a constant whose value varies between different 
superconductors. If only the superconducting electrons, with 
charge ^ and of mass rx, accelerate freely in an electric field, 
then A — m  9 where is the number density of super- 
°sVa
conducting electrons.
Combining (L.l) with the Maxwell equation curl Vv - Vif j , 
gives : c
Caa-t^. h — CjUscV \ — *“ H
 ^  ^ cl A
The solution of this equation for a semi-infinite slab
of superconductor, with a static uniform field H applied 
parallel to its surface, is §
- V v
where * =* / A' c4 \ ^
Xj_ has the dimensions of length, and is called the London 
penetration depth. Its physical significance is that it is the 
distance to which a magnetic field penetrates into a super­
conductor before falling to 1/e of its value at the surface.
The first London equation can be used to derive a relation­
ship between j and the magnetic vector potential, A .
"■s. ^
—- — j2 — — J— f\
c C. b t
^ = -c = -J_ ft
•fet ~ c ~
Provided that the normal component of ft is zero at the 
boundary of a closed superconductor, this equation can be integ­
rated to give s y\ j + £  -s q
'** c
1.2.2 The Pippard theory
Pippard (1953) found that the penetration depth in dilute 
alloys of In in Sn increased with decreasing normal electronic 
mean free path. The dependence of penetration depth on mean 
free path is incompatible with the London model of super­
conductivity, and this, with other considerations, led Pippard 
to propose a basic modification of the London model.
By analogy with the theory of the anomalous skin effect in 
normal metals, Pippard proposed that the London relation between 
j and should be replaced by a non-local relation of the form
3 (r) = ^ 3  f
4 - T r ^ A c J  * +
where ft (r-')is the vector potential at the point r , 
and ft - r- r ’
This equation introduces a characteristic length , the 
Pippard coherence length, Which Pippard assumed to be related to 
the electronic mean free path, *? , by s
3 P  ^  P o  4
where ©C is a constant of order unity.
Pippard gave %p the physical significance of being the
range of the wave function that describes the superconducting
state in a bulk material, or the distance over which the
superconducting electrons cohere.
In the limit, %f<< , the Pippard equation reduces to
the local form % \ %p ft
c A
1.2.3 The Ginzburg — Landau theory
Ginzburg and Landau (1950) introduced a phenomenological 
theory of superconductivity, in which they sought to modify 
the rigidity of the wave function describing the superconducting 
state which is implicit in the London model. They introduced 
an order parameter, normalized so that(vpfa=. n 5 , which can 
be considered as an effective wave function of the super­
conducting electrons;
In zero field, the difference in free energy density 
between the superconducting and normal states can be written s 
FSo - F„0 - I yi* + P/2 I
where higher order terms are neglected, and and (3 are 
functions of temperature.
In the equilibrium state, fSo is a minimum, giving 
» --Op
As - F - H cx 9 where H c is the thermodynamic-’o O o o  ,
Str
7.
critical field of the superconductor, then Hc -
~ T ~
In an applied field H , a free energy contribution appears,
owing to. gradients in ^  , which may be considered as the kin­
etic energy contribution of superconducting electrons of
charge and mass vx in an electromagnetic field. Classically,
this contribution is given by % J   ^p _ ^  a \
7.,rn  c  ~
Ginzburg and Landau assumed that this contribution was 
given by ;   J  ~ ‘ ^  'V ~ A I *
*2. m 1 c~
The free energy density of a superconductor in a field H is 
written %
fsh = rsa + if + j-I-'~k + - sT 2 + 1*
f . C '
Minimizing FSh with respect to xp^and R leads to the two 
Ginzburg - Landau equations ;
+  = o (G.L.l)
"b Z m  C /
v xf t = - H T i =  + ^G 'L *2)
*~C ~
In a weak field ( H ^ r o  ), ~ _ q  , and (G.L.2)
reduces to the London local relationship i A +. fl - O
c
Ginzburg and Landau introduced a dimensionless parameter 
Z
c‘
where X = m eo _____ *3.
V *  a  /
A o is the depth to which a weak applied field penetrates 
into the superconductor.
Using the following reduced quantities,
= JL , «Jtc, , jjtl , 5 ’ £ a w  H 1 g H
IM'o T  ’ ~ £ hc \  Jz H t
the G.L. equations may be written ( with dashes omitted ) s
— A-TT  ^^ |v^ r j2- ft t, (  V*|/  ^V  V|# — ^  ^  Vj/  ^ ( G .L  .2  )
C *V’ ^ K
Ginzburg and Landau solved these equations to find the 
field, HQ2 9 at which the superconducting phase nucleates in 
the bulk of a metal, on reducing a high magnetic field with 
T < TQ. It was found that a solution which has o appears 
when = Hc . Superconductors can thus be divided into two 
groups, for which l< is greater than or less than /v/r •
For type I superconductors k < f and EQO < HQ. Super­
conductors of this type exhibit complete diamagnetism (B = 0)
from zero field to the thermodynamic critical field H , abovec
which the normal phase is stable.
For type II superconductors K > , and superconduct­
ivity in the bulk of a material persists to a field > Hc*
Saint-James and de Gennes (1965) considered the nucleation
of the superconducting phase near the surface of a metal. They
found that the boundary condition , / ; -ft ft ^  \ o
~cT f
where n is a unit vector normal to the surface, fundamentally 
modified the solutions of the G.L. equations, provided that the 
magnetic field was not perpendicular to the surface. In a 
parallel magnetic field, the surface nucleation field, Hc ,^ was 
found to be equal to 1.695
Superconductivity between and H^, for f< > 0.707, or 
between Hc and HQ ,^ for 0.417 < \< <  0.707, is confined to a 
surface sheath, whose thickness is of the order of the coherence 
length.
1.2.4 Characteristic lengths and parameters
The flux quantum d> — c h ( see section 1.4 )o --
The Ginzburg - Landau parameter lc can be written : 
K = Hc X*
For K *9* 1, the order parameter varies over a distance
V k  , where >v0 is the weak field penetration depth. The 
coherence length, % ( ^  p^ , for the order parameter is defined
Both Xo and f depend on temperature, and on the normal 
state electronic mean free path -C • The calculations of Gor?kov 
(1959* I960), and Caroli, de Gennes and Matricon (1965) give, 
for % 0^  and T TQ §
where X 0 is the coherence length of the pure metal, and 
X L(o)is the London penetration depth at T =0.
The parameter K is thus given by s 
»c - o«~?5 >-L( o)
Goodman (1962) has shown that, to a good approximation, the 
results of Gor’kov?s calculations can be written s
where is the value for the pure metal, ^ is the residual 
resistivity in-£Lcm, and % is the coefficient of electronic
In terms of the Bardeen, Gooper and Schrieffer (BCS) (1957) 
theory, which will not be discussed here, the coherence length of
as
l< = Ip +  -t-s xio3 * >2 ? , ( V
o _P
specific heat in erg cm  ^ K
a pure metal is given by s f^ = 0,,% ^ vf
where vf is the Bermi velocity, and is Boltzmann1 s
constant,
Pippard (1950) showed that the penetration depth of a 
type I superconductor varied by no more than 3% as an applied 
field was increased from zero to the critical value. Empirical 
values for X(0), from Lynton (1962), for the type I super­
conductors used in the experiments reported in this thesis, 
are given in Table 1.1. Values for , taken from Lynton 
(1962) and De Gennes (1966), are also listed.
TABLE 1.1
Element x(o) (A) 1o (A)
Hg 380 - 450 -
In 640 4400
Pb 390 830
Sn 470 - 600 2300
1.3 itype I superconductors
1.3.1 General properties
A metal having K <  ^  is termed a type I superconductor. 
The critical field Hc is given by ;W - °> = i
8TT
where G,_(EL) and G„(0) are the Gibbs free energies pern c s
unit volume of the normal and superconducting phases in a field
field H , and in zero field, respectively.
In the presence of an external field H < H C? the energy of
0
a superconductor increases by H /8TT per unit volume. It would 
be energetically favourable for a superconductor to split up 
into domains whose thickness is smaller than X , separated by 
infinitesimally thin normal domains, if there was not an extra, 
positive, interfacial surface energy. This -extra surface energy
arises from the distance, % ? , over which super-conducting 
electrons cohere* It can easily be shown ( see Lynton (1962) ) 
that the Meissner effect, the complete exclusion of flux from 
the bulk of a superconductor up to the critical field H_, 
requires Type I superconductors have a net positive
surface energy. Materials for which ^ ^ <<* X are referred to as 
negative surface energy, or London superconductors.
The nucleation and propagation of the superconducting phas 
in rod specimens, as an applied field is reduced from above H , 
will be discussed in Chapter 6.
1.3.2. Effects of deformation
The experiments on type I superconductors described in 
this thesis are concerned with the effect of plastic strain at 
liquid helium temperatures on the magnetisation curves of rod 
specimens of Pb, Sn, In and Hg. Most of the deformation 
experiments on type I superconductors, reported in the liter­
ature, have been directed towards investigating the effect on 
the primary superconducting properties of metals, i.e. on H.
and T_. A summary of many of these experiments has been given o
in the review papers by Livingston and Schadler (1965) and 
Van Gurp and Van Ooijen (1966).
The effect of an elastic deformation has been extensively 
studied, ( see Shoenberg (1952), and Squire (1955) )» A hydro­
static pressure or a tensile stress causes a slight reversible 
shift in H. and T , which can be related thermodynamically to
C C
the difference in isothermal compressibility and thermal expans 
ivity between the normal and superconducting states.
Luders (1965) plastically deformed Pb rods in torsion, 
and found an increase in T of 0.004°K. Von Minnigerode (1959)G
found that the critical temperature of Sn and In foils9 rolled 
at 4.2°KS increased by up to 10%. It has generally been found 
that changes in the critical temperature of type I superconduct­
ors, due to plastic deformation, can be annealed out at an 
elevated temperaturef thus associating the effects with the 
reduction of normal state electronic mean free path or with the 
presence of internal stresses in the deformed metals.
Buckel and Hilsch (1954-) and Von Minnigerode (1959) found
an anomalous decrease in T in Eg films deposited and deformed
at liquid helium temperatures. Livingston and Schadler (1965)
have suggested that this anomalous behaviour may be due to the
production of the p phase of Hg, which was shown by Swenson (1958)
to be stress induced and stable below 79°K. Schirber and Swenson
(1961) found that the critical temperature of the ^ phase was
3.95°K, compared with that of theoc phase of 4.15°K. Buckel and
Hilsch (1954) found that the critical temperature of a Hg film
deposited at liquid helium temperatures was reduced to $.88°K,
and that the reduction in IC could be annealed out at about 50°K.c
A similar depression of T for Hg films, below the criticalo
temperature of the phase, was found by Appleyard (1939) by 
Khukhareva (1962). It is unlikely that these experimental res­
ults can be explained on the basis of a partial transformation of 
the films to the (3> phase. It will be shown in Chapter 7 that a 
third phase of Hg, stable only below about 53°K and having a 
critical temperature of about 3*74°K, can be induced by strain at 
liquid helium temperatures.
1.3*3 Magnetisation curves
Hew reports of experiments on the effect of deformation on 
the magnetisation curves of type I superconductors can be found
in the literature. Shaw and Mapother (I960) reported an increase 
in hysteresis at the magnetic transition of Pb rods plastically 
deformed in tension at liquid helium temperatures. They found 
that the changes in hysteresis could be annealed out at a temp­
erature just below 300°Ko Livingston and Schadler (1965) have 
since interpreted Shaw and Mapother’s results in terms of the
strain induced appearance of H_x above H_s leading to a broadenedcp c
magnetic transition.
Livingston and Schadler (1963) have remarked that inhomog­
eneities in a metal will impede the motion of a propagating 
superconducting phase boundary, especially if the transition is 
forced to proceed by way of the intermediate state. Inhomogen­
eities will therefore lead to hysteresis in the magnetisation 
curve of a specimen, and trapped flux in zero field. Livingston 
(1965) has shown that type I superconductors are much less 
structure sensitive than type II materials, since defects inter­
act less strongly with the diffuse S-N boundaries in type I 
superconductors than with the fluxoids in the mixed state of 
type II materials.
1.4 Equilibrium behaviour of type II superconductors
A metal or alloy having K is termed a type II super­
conductor. A parallel magnetic field H is excluded from the bulk 
of a rod of an ideal reversible type II superconductor only in 
the range 0 < H < HQ^. At the lower critical field H flux 
penetrates into the bulk of the rod, but B, the flux density, 
does not become equal to H until the upper critical field, H 2 * 
is reached. Between and H 2 * the superconductor is said to 
be in the mixed state.
Abrikosov (1957) has considered the structure of the mixed
state, and the magnetic properties of type II superconductors ; 
his work will how be summarised*
The first Ginzburg Landau equation (G.L.l) can be written s
© C  v{/ +  p  v), J y  |* -h J | _  (  -  lit V  _  R ^  V|/ -  o
2L m  c
Ginzburg and Landau calculated the upper critical field,
H 2 K from the above equation by neglecting the non-
*2.
linear term Abrikosov retained this term, and looked
for solutions that showed the periodicity of a two dimensional 
lattice in a plane perpendicular to the field direction.
Just below HC2 > Abrikosov found that it was energetically 
favourable for a periodic variation of ^  to adopt the symmetry
2.
of a square lattice. The lattice is defined by contours of lif'/ , 
surrounding points, of separations^ , at which the function v|/ 
vanishes. The local magnetic field at these points is equal to
7.
the external applied field. The contours of are also the
lines of flow of supercurrent.
Abrikosov found that the macroscopic magnetisation of a type
II superconductor in a field just below EQ^ could be written s 
- VTTM I
h C:l- h
where p is equal to 1.18 for the square lattice.
Abrikosov also considered the initial penetration of flux 
into a type II superconductor. He calculated the minimum field 
at which it was energetically favourable for isolated vortices 
to exist in the bulk. For k^>l, this field is given by s
H  -  H c ( K -f O ’O O
C a. ' I
K
Harden and Arp (1963) have since computed for lowerCl c
values of ic .
Abrikosov calculated that a triangular lattice of super-
current vortices was energetically favourable just above H 
but that a phase transition to a square lattice occurred at a 
field equal to + 0.0557Hc/fC .
Kleiner, Roth and Autler (1964) have since calculated that 
a triangular lattice of supercurrent vortices has a lower energy 
than a square lattice throughout the mixed state; they obtained 
a value for the coefficient of 1.16, for a triangular lattice.
London (1950) shows that if a bulk superconducting annulus
surrounds lines of force, the enclosed flux <f> can only take on
discrete values % <f> ~ r ^  Kc
V*
The BCS (1957) theory, and experiments by Doll and Nabauer 
(1961) and by Deaver and Fairbank (1961) have shown that ,
i.e. that the superconducting charge carriers are pairs of 
electrons. In order to attain the state of minimum free energy, 
each current vortex, or fluxoid, in the Abrikosov mixed state 
carries one quantum of flux (h .o
1.5 Ilon-equilibrium behaviour of type II superconductors
The equilibrium behaviour described in the previous section 
assumes that fluxoids can freely enter or leave the bulk of a 
type II superconductor, leading to a completely reversible 
magnetisation curve. Although French, Lowell and Mendelssohn 
(1967) have recently presented results which show that alloy 
specimens of Nb with Ta or Mo can exhibit a high degree of 
reversibility, the magnetisation curves of type II supercon­
ductors usually exhibit a certain amount of hysteresis. It is 
generally accepted that irreversibility can be caused by a 
barrier to flux penetration or expulsion, by the pinning of 
fluxoids in the bulk or at the surface of a specimen, or by 
surface current shielding.
1.5-1 Barriers to flux penetration or expulsion
Bean and Livingston (1964) have considered the interaction 
between a fluxoid and a plane surface. The necessary boundary 
condition of zero current normal to the surface can be satisfied 
by adding an image fluxoid of opposite sign outside the surface. 
Bean and Livingston show that the attractive image term of the 
interaction energy varies as jz. * , for * % , where is the
distance between the vortex core and the plane surface. A flux­
oid also experiences a repulsive force away from the surface, 
owing to the penetration of the external field into the super­
conductor. The repulsive contribution to the interaction energy 
is proportional to . A t  low fields, the sum of the
repulsive and attractive interaction energies leads to an energy 
barrier to flux motion into or out of a specimen. Bean and 
Livingston’s theory suggests that fluxoids may not enter a rod 
of a type II superconductor in a parallel magnetic field until 
a field Hq >  Hc ,^ at which the barrier to penetration dis­
appears. The barrier to the expulsion of flux in decreasing 
field does not disappear until the external field is reduced 
to zero.
De Gennes (1966) shows that the field, H , to which fluxs
penetration should be delayed at a plane surface is of the
order of the thermodynamic critical field H .c
Joseph and Tomash (1964) and deBlois and de Sorbo (1964) 
have observed flux penetration fields well above Hc-^ in PbTl 
films, and in wire specimens of Nb and TaNb, respectively. In 
both these papers, the authors noted that the flux penetration 
field could be reduced by roughening the surface of their spec­
imens. De Gennes (1966) has suggested that a surface will delay
the penetration of flux only if it has few irregularities on 
the scale of X .
1*5*2 Bulk flux pinning
It has been shown experimentally, by Kamper (1963)* 
theoretically, by Klose (1964), that the equilibrium mixed 
state of a type II superconductor cannot carry any appreciable 
lossless current* A transport current, whose direction is not 
parallel to the external field, produces a driving force on the 
fluxoid lattice, and the motion of fluxoids causes a voltage to 
appear across the specimen. If, however, fluxoids are pinned 
in the bulk of a specimen, an increasing transport current will 
not give rise to any losses until the driving force on the 
fluxoids exceeds the pinning force.
Bean (1962, 1964) has considered the irreversible magnet­
isation of high field superconductors. In his critical state 
model, he assumes that the internal macroscopic currents flowing 
throughout the bulk of a specimen are either zero or equal to 
the critical current density J , which is a function of the
v
material and of the local flux density only.
If a magnetic field H is applied parallel to the surface
of a slab specimen, which has been cooled through T in zeroo
field, the flux will only penetrate to a depth c Bee^  ,
4-TT-Sc.
where is the flux density just inside the surface of the
slab, assumed to be in equilibrium with the applied field H.
That part of the specimen into which the flux has penetrated
carries the full critical current density J (&), and is saidc
to be in the critical state. Bean (1962) has calculated 
magnetisation curves for rod specimens by making the simplifying
assumption that J is independent of the local flux density %r . 
Bean (1964) noted that the critical current J may be an 
intrinsic property of a filamentary mesh structure, or a conse­
quence of the gradient of fluxoids that exists as flux is 
driven into an inhomogeneous type II superconductor.
Anderson (1962) has given a microscopic justification of 
the critical state model, and has presented arguments for JQ 
being inversely proportional to the local flux density ix . Kim, 
Hempstead and Strnad (1963) found that data on tubes and wires 
of Nb and Nb^Zr could be represented by a single parameter 
o<. =. “3c (•& *•-£rc')> where *&o is a constant of the material.
Once a fluxoid has moved into the bulk of a specimen, to
a distance greater than the penetration depth, it will no
longer feel any force from the external field. In the absence
of an applied transport current, a fluxoid in the bulk can only
be moved from a pinning centre by a force from neighbouring
fluxoids. Friedel, de Gennes and Matricon (1963) have derived
an expression for the driving force on straight flux lines from
the pressure of mutually repelling fluxoids. In one dimension,
the driving force is - ^ where H(-&) is the external
4-t
field in which the local flux density, , would be in equil­
ibrium in a reversible material.
Evetts and Campbell (1966) have shown that the driving
force in a general three dimensional array of pinned fluxoids
is H (*€r)
A-TT
Fluxoids may be pinned in the bulk of a material by 
tangles of dislocations, by grain boundaries, by precipitates, 
by cavities, by the lattice disorder introduced by neutron
irradiation, or by local variations of K in an inhomogeneous 
alloy. The effects of dislocations and of metallurgical var- 
iables on the properties of type II superconductors have been 
by Van Gurp and Van Ooijen (1966), and by Livingston and 
Schadler (1965).
The experiments on type II superconductors reported in this 
thesis were carried out with well-annealed homogeneous Pbln and 
InTl alloy specimens. Any bulk pinning was due solely to the 
interaction of fluxoids with the defects present in the 
annealed materials. Some specimens were plastically deformed 
at room temperature, and others at liquid helium temperatures to 
investigate the change in magnetic hysteresis with an increased 
density of defects. Livingston (1965) produced a large increase 
in magnetic hysteresis by cold working an annealed 8 wt% Pbln 
specimen, and he found that the hysteresis could be subsequently 
reduced by annealing the specimen at room temperature. Narlikar 
and i)ew-Hughes (1964) have correlated the changes in irrevers­
ibility of annealed and cold worked Nb and V specimens with the 
changes in dislocation configuration, observed by transmission 
electron microscopy.
In their review paper, Van Gurp and Van Ooijen (1966) con­
clude that fluxoids can be pinned by defects in a metal or 
alloy, and they suggest that pinning becomes more effective in 
the following sequence s
a) a uniform dislocation distribution,
b) an inhomogeneous distribution such as polygonisation walls 
or a cell structure,
c) large two dimensional inhomogeneities such as a fibre 
structure or grain boundaries.
1.5.3 Surface currents
a) In the mixed state, H  ^< K <  H
A parallel magnetic field, H < H is shielded from the 
bulk of a rod of type II superconductor by a persistent surface
s 9current, flowing in the penetration depth, whose density, T 
is given by s *3'^ =• 12 ^  am£ CD1""^  ( H in oersteds ) ,
4-tt
Above H once any barrier to penetration has been over­
come, fluxoids enter the bulk of a type II superconductor. In 
a reversible material, the flux density B, in equilibrium with 
the applied field H, can be considered as being equal to an 
average field h . Although the local magnetic field near the 
surface is spatially varying, a mixed state surface current 
density can be defined such that :
T- - l2-(H-KN)amp cm" 1 
s a-ttv j
In recent years, it has been realised that the surface of 
a type II superconductor plays an important role in determining 
the magnetisation of specimens in the mixed state. By making 
magnetisation measurements on Nb wires in longitudinal fields, 
LeBlanc (1964) first showed that, when the direction of field 
sweep is reversed in the mixed state of a type II superconductor, 
the magnetisation initially follows a diamagnetic path. This 
diamagnetic path implies that the bulk of the superconductor is 
being shielded from changes in the external field by a change in 
the persistent surface current. Ullmaier and Gauster (1966) 
found that no flux entered or left rod specimens of 2 %  NbZr and 
43% Pbln, in the mixed state, within a field interval H ^AH, 
where the positive or negative sign applies when H was reached 
in a decreasing field ( from above ) or in an increasing 
field, respectively. Barnes and Fink (1966) found that, on
reversing the direction of field sweep in the mixed state, the 
diamagnetic path extended from the increasing ( or decreasing ) 
field magnetisation curve almost to the decreasing ( or incr­
easing ) field curve for a 6% PbTl rod, showing that the . 
hysteresis in that specimen could be almost completely 
accounted for by surface current shielding.
Further evidence for a surface current mechanism for hyst­
eresis has been reported by Bertman and Schweitzer (1966), who 
found that the magnetisation curves of solid and hollow rod 
specimens of 1.5% PbBi were qualitatively similar.
Experimental results indicating a surface current mechanism 
for mixed state hysteresis have been explained by assuming that 
the surface of a type II superconductor can support a diamag­
netic or paramagnetic persistent current ( or J^ ), in
addition to the intrinsic surface current J . J is the sur-s s
face current when the induction just inside the surface of a 
rod specimen is in equilibrium with the applied field. The net 
surface current along the increasing field magnetisation curve 
is + J^, and along the decreasing field magnetisation curve 
is Jg - 1^, where Jg, and are functions of the external 
field H. When the direction of field sweep in the mixed state 
is reversed, no change in the bulk flux density is observed 
over a field interval A H, given by s
A H  - — •+ '3‘p1') oersteds.
It has often been found that the mixed state hysteresis of 
low l< type II superconductors can be considerably reduced by 
plating a specimen with a normal metal ( see, for example,
Barnes and Fink (1966) and Schweitzer and Bertman (1966) ).
Hurault (1 9 6 6) has shown theoretically that a coating of
normal metal, which makes good electrical contact with a super­
conductor, will destroy the superconducting surface sheath bet­
ween HC£ and Hc ,^ provided that the conductivity of the normal
layer is greater than that of the superconductor in the normal
state. De Gennes (1966) shows that the presence of a normal 
layer will depress the order parameter close to the surface of 
a superconductor, and, in a low K material, will increase the 
depth to which an external field penetrates.
Plating a low K type II material produces a decrease in
mixed state hysteresis by reducing the persistent currents 
( J and J. ) that flow near the surface of the superconductor.
Jr
There is ample experimental evidence reported in the liter­
ature to show that surface current shielding makes a major 
contribution to mixed state hysteresis in low K type II super­
conductors, and that it makes at least a minor contribution to 
hysteresis in high K  materials.
b) In the sheath state, < H <
The critical current that can be carried by the super­
conducting surface sheath between and was first calcul­
ated by Abrikosov (1964). Abrikosov, and later Park (1969) 5 
obtained solutions to the Ginzburg - Landau equations which sat­
isfied the boundary conditions appropriate for the surface sheath 
state. They defined the critical current at a given field as the 
maximum current for which solutions in terms of vy , the order 
parameter, exist. Park (1969) calculated that the paramagnetic 
critical surface current should be larger than the diamagnetic 
critical current. Pink and Barnes (1969) later pointed out that 
the free energy of the Abrikosov current-carrying states, inc­
luding the magnetisation energy of a specimen, quickly exceeds
the normal state free energy. Pink and Barnes therefore 
suggested that the appropriate criterion determining the crit­
ical current may be that the free energy difference between the 
superconducting and normal states is zero. The critical currents 
calculated by this criterion are much smaller than those pred­
icted by Abrikosov (1964) and Park (1969). Park (1966) later 
computed different values for the critical surface currents, by 
refining the calculations of Pink and Barnes (1969)*
It has generally been found that experimentally determined 
critical surface currents are smaller than those predicted by 
the above theories, ( see, for example, Rollins and Silcox 
(1967), and Akhmedov and Karasik (1967) ).
The above theories can be extended below H^, by ignoring 
the appearance of a finite vj/ in the bulk of a material. While 
the theories cannot be expected to predict mixed state critical 
surface currents with any accuracy, they do at least indicate 
that a superconducting sheath can exist below H^. By an anal­
ysis of the Ginzburg-Landau equations, Pink (1969a,b) has cal­
culated the internal currents and magnetic fields close to the 
surface of a type II superconductor just below H 2 *
A discussion of the origin and limitation of the mixed 
state surface currents is deferred until Chapter 4.
1.9*4 Surface flux pinning
Bean and Livingston (1964) suggested that the barrier to 
flux penetration at a plane surface may be overcome by the 
nucleation of fluxoids at the field concentrations due to 
surface irregularities or at the ends of a specimen. Vinen and 
Warren (1967) suggested that the peeling of flux lines along a 
surface, subsequent to their nucleation, might be hindered by
surface imperfections, leading to a delayed penetration or 
expulsion of flux.
In order to explain their results on the critical transport 
currents of 5% PbTl foils, Hart and Swartz (1967) introduced a 
surface flux pinning model. They proposed that surface flux 
spots, points at which quantized units of flux pass through the 
surface of a superconductor, can be pinned at locations which 
make their free energy a minimum. Hart and Swartz defined the 
critical transport current, Te , by equating the pinning force 
per flux spot with the component of the Lorentz force driving 
a flux spot across the surface, Tc ^  . Surface roughness was 
suggested as one possible source of the spatial variation of the 
free energy of flux spots necessary for pinning.
Evidence for a surface pinning mechanism for critical 
transport currents has also been presented by Joiner and Kuhl 
(1967). They found that the critical current density of rolled 
PbBi foils ( with 3 at% - 15 at% Bi ) increased linearly with 
the surface to volume ratio, and that it could be extrapolated 
to zero for a surface to volume ratio of zero. The results of 
Bellau (1967), Flippen (1967), Lowell (1968) and Martinoli and 
de Trey (1968) can also be interpreted as evidence for surface 
flux pinning.
The surface pinning of fluxoids will be discussed further 
in Chapter 4, where a model will be introduced which attempts 
to correlate surface pinning with the surface currents observed 
in magnetisation measurements on low fc type II superconductors.
1.6 Summary of the introductory chapter, and plan of the 
thesis
It is hoped that this introductory chapter has given an
indication of the present (1 9 6 8 ) understanding of the causes 
of magnetic irreversibility in superconductors. No attempt has 
been made to present a comprehensive review of the experimental 
and theoretical work to be found in the literature, relevant to
the experiments reported in this thesis. In particular, the
A.C. response of superconductors has not yet been described ; 
the work of other authors on this subject will be mentioned and 
discussed in Chapter 5*
A description of the apparatus used, and of the methods of
measurement, is given in Chapter 2. The more mathematical
parts of this chapter have been placed in the Appendix of this 
thesis, as have descriptions of three items of electronic 
equipment that were constructed.
The experiments that were designed to investigate the 
causes of magnetic irreversibility in low K type II super­
conductors are described and discussed in Chapters 3 and 4.
The response of the same materials to a small, low frequency, 
A.C. field, superimposed on a D.C. field, is described in 
Chapter 5«
The experiments concerned with the effect of strain at 
liquid helium temperatures on the magnetisation curves of rod 
specimens of type I superconductors are reported and discussed 
in Chapters 6 and 7*
Finally, a summary of what has been achieved is given in 
Chapter 8 , together with suggestions for further work.
CHAPTER 2
EXPERIMENTAL METHOD 
Section A The Apparatus
The apparatus was designed to make magnetisation and A.C. 
measurements on rod specimens of type I, and low K type II 
superconductors in parallel magnetic fields. It was required to 
deform the specimens in tension at liquid helium temperatures, 
and to pass a transport current in the axial direction.
The specimens were deformed by means of two coaxial tubes, 
which also served as current leads. The magnetisation and A.C. 
measurements were made by means of coils surrounding both the 
specimen and the coaxial tubes. The coil systems and the tens- 
ometer were designed to fit into the helium dewar which was used 
by my predecessor, Kwan Sik - Hung (1965).
2.1 Magnetisation measurements
It was decided to use the fluxmeter already in our 
possession, a 'Norma, Model 251 E J, and to devise a search coil 
system that could measure accurately the magnetisation of a 
specimen at a particular external field, independent of the 
slight drift inherent in the instrument. Such a system requires 
either the specimen or the search coil to be moved. As the 
envisaged experimental arrangement eliminated any possibility of 
moving the specimen, a moving search coil system was necessary.
The method used was to raise a non-inductive coaxial coil 
pair from a position around the specimen to a particular position 
above it. The net deflection on the fluxmeter, to which the 
coils were connected, was proportional to the magnetisation of 
the specimen.
If the outer coil has n^ turns enclosing an area and
the inner coil n^ turns enclosing an area A^, then the pair, 
wound in series opposition, will be non-inductive to changes in 
a uniform magnetic field if n-^ A-^  = n2^2 *
If a specimen, of cross-sectional area oL and of mean 
induction B in an applied field H, is present within the coil
pair, then the total flux linkage, cjS , is s
#  = [ H ( R,-oO+ S=c]
For the non-inductive coil pair s
Q5 t ( B ^ H )  ©< ( n, - = A 11"lA ( n,~ir'a)
As the non-inductive search coil pair is raised above the 
homogeneous field region ( in the direction of the applied field 
H_ ), it will have a finite flux linkage owing to the derivative 
"b , and, being of finite length, to the derivative ^  . It
^ r "z,
is shown in Appendix 1 that a position can be found in the 
inhomogeneous field region, above the specimen, where the coil 
pair is non-inductive to changes in magnetic field. This is the 
position to which the coil pair must be moved from around the 
specimen, so that the net deflection on the fluxmeter is propor­
tional to the magnetisation.
The actual size of the search coil pair and the number of 
turns were determined by several critical considerations. The 
field coil, described in Section 2.5j produced a homogeneous 
magnetic field over an axial length of 8 .6 cms. This limited 
the length of the specimens to 7 cms, since it was desired to 
deform some of them in tension in the cryostat. A search coil 
length of 2 cms was chosen so that the magnetisation would be 
sensed over a central region of the specimens.
For maximum sensitivity, the factor ( n^ - n^ ) should be
made as large as possible. This condition requires the outer 
coil to have as large a radius as possible, conducive with the 
experimental space available, and the inner coil to have as small 
a radius as possible. In order to utilise the space most econom­
ically, it was decided to use the inner coil as the secondary 
coil of a mutual inductance for the A.C. measurements# Because 
of the need for sufficient space within the inner coil for both 
a primary coil and the specimen within the tensometer, the min­
imum inner radius of the inner search coil was calculated to be 
0.85 cms. The outer radius of the outer search coil was rest­
ricted to 1.7 cms by the size of the helium dewar. The recomm­
ended optimum search coil resistance for the fluxmeter was 30 
ohms.
When the above considerations were taken into account, a 
simple calculation showed that 43 swg Copper wire gave a maximum 
value of ( n-^  - n^ ) . The calculated values were s n-^  = 6850, 
n^ = 2740. The coils were wound onto ebonite formers as shown 
in Figure 2.1.
When the coil pair was tested, it was found that it was 
necessary to add 35 turns onto the outer coil in order to make 
the pair very nearly non-inductive to changes in the magnetic 
field produced by the field coil. It is not necessary to make 
the coil pair completely non-inductive in order to take magnet­
isation measurements of a specimen.
Before magnetisation measurements could be taken, it was 
necessary to locate the position to which the search coil pair 
had to be raised. With the specimen in the normal state, either
I*
at a temperature above TQ or in a field greate^ than HQ ,^ the 
search coil pair was moved from the homogeneous field region,
figure
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and the deflection on the fluxmeter to which the coils were
connected was observed. The position of the coils at which the
net deflection became zero was the position to which the coils
had to be raised to give a net fluxmeter deflection that was
proportional to the magnetisation of a specimen.
In order to plot the magnetisation curve for a specimen
which had been cooled through T in zero field, and which wasc
superconducting at 4.2°K, it was necessary to guess the position
to which the coils had to be raised. The readings could be
corrected, if necessary, after the external field had been
increased above H^.c3
The advantage of taking magnetisation measurements by 
moving a search coil pair is that neither the magnetic state nor 
the position of the specimen is changed. The measurements can be 
repeated several times at the same applied field, in order to 
obtain an accurate reading of the magnetisation.
2.2 A.C. measurements
A Hartshorn (1925) bridge circuit was used to study the 
response of the specimens to a small, low frequency, A.C. field, 
superimposed on a D.C. field. The circuit was used to invest­
igate the changes in the complex permeability, of
specimens throughout the transition from superconducting to 
normal state* It was also used to observe waveforms correspond­
ing to the time derivatives of magnetisation and induction, M 
and B. These waveforms were integrated, and were then used to 
display M - H and B - H minor hysteresis loops.
The bridge circuit is similar to that used by Kwan Sik-Hung 
(1 9 6 5 ), and a diagram is shown in figure 2 .2 .
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2.2.1 Complex permeability measurements
The bridge circuit balances separately the real and imag­
inary components of a complex mutual inductance, M* - iM". The 
balance conditions of the bridge are s
M  S ~  <Wv<l (  =  O M "
where and ^  are the values of the standard mutual
inductance, and of the resistance in the secondary circuit
required to balance the bridge. It is shown in Appendix 2 how 
changes in the real and imaginary components of the complex 
permeability of the core of the mutual inductance can be calcul­
ated from changes in the balance point of the bridge.
A coil pair, consisting of a secondary coil with N turns 
closely wound on a primary coil of cross-sectional area A and 
having n turns per unit length, has a mutual inductance of 
4-TrnlFA. If a specimen of cross-sectional area oC is inserted 
into the primary coil, the change in the real part of the mutual 
inductance of the coil pair, as the specimen undergoes a super­
conducting to normal state transition, is ATTnNoC » provided that 
the specimen is transparent to the A.C. field when in the normal 
state ( see Appendix 2 ). If, as is necessary in the experimental 
arrangement, the cross-sectional area of the specimen is consid­
erably smaller than that of the primary coil, then the change in 
mutual inductance is small compared with the mutual inductance 
of the coil pair. In the bridge circuit used, shown in Figure 2.2 
the mutual inductance of the specimen carrying coil pair, m^, was 
approximately balanced by the inductance of a similar but empty 
coil pair, m^.
The standard mutual inductor, M , consisted of three decades1 s’
10 x 1 0 0 0 ymH, 10 x 100 j*R and 10 x 10  ^ jtH, with an inductor
continuously variable from -10 jxH to +10yjiH. Economy of space 
necessitated the use of the inner coil of the magnetisation meas­
urement coil pair as the secondary coil for the A.C. measurements. 
The primary coil was designed to produce a change in the real 
part of the mutual inductance, as a specimen undergoes a super­
conducting to normal state transition, of about 5 0 0 0 In 
order to make the A.C. field reasonably uniform over the length 
of the specimens, the length of the primary coil was chosen to 
be 10 cms. It was wound, with 10,4-42 turns of 46 swg enamelled 
Copper wires in 8 layers, onto an ebonite former 1.2 cms in 
diameter.
The second, empty, mutual inductance was fixed in a trans­
verse position, relative to the axial coil system, in order to 
minimize inductive links. In this position, the length of the 
primary coil was limited to 5*6 cms by the size of the helium 
dewar. The transverse secondary coil was made identical to the 
axial secondary coil, and, in order to make the mutual induct­
ance of the two pairs approximately equal, 9 layers of 46 swg 
wire were wound onto the transverse primary coil.
The axial primary coil had 1.044 x 10^ turns per metre,
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while the transverse primary had 1 . 1 9 0 x 10 turns per metre.
Both secondary coils had 6850 turns. The superconducting to
normal state transition of a.specimen of diameter 0 . 2 5 cms
produced a change in the M balance point of the bridge of abouts
4200 yuH. A diagram of the coil systems is shown in Figure 2.1, 
and the actual coils used can be seen in Figure 2.5•
The primary current was supplied by a Solartron Oscillator, 
into a total primary circuit resistance of 600 ohms. A.C. field 
amplitudes of up to 50 oersteds could be produced by the axial
primary ooil. A standard laboratory potentiometer provided a 
convenient method of injecting a variable potential into the 
secondary circuit, while keeping the primary circuit resistance 
constant. This was used to balance the imaginary component of 
the complex mutual inductance.
c-a
A OD 1400 Solartron Oscill&ter was used as detector to the 
bridge. During the transitions, the M and B waveforms are 
distinctly non-sinusoidal, as will be seen in the results ( in 
Chapter 5 )• In order to balance the bridge, it is necessary to 
extract from the waveform both the in-phase and the phase-quad- 
rature components of the fundamental frequency. This can be 
done with a selective frequency amplifier, but, with the large 
A.C. field amplitudes employed, the use of a tuning capacitor 
across the detector was found to be sufficient. McKim and Wolf 
(1 9 5 7 ) first suggested that a tuning capacitor would be partic­
ularly useful where the secondary circuit has a low resistance 
and a fairly high inductance. A tuning capacitance, C = lAT'L, 
produces a !Q? factor of g>L/R, where is the fundamental 
pulsatance, and L and R are the inductance and resistance of the 
secondary circuit. At a fundamental frequency of 64 cps, a 
tuning capacitance of 0 . 5 5 produced an effective voltage gain 
of about 14 on the fundamental components of the signal, while 
almost eliminating higher harmonics. The use of this capacitor 
enabled accurate balance points to be found throughout the super­
conducting to normal state transitions of the specimens.
When the bridge circuit was first set up, it was found that 
that balance point varied with the resistance in the field coil 
circuit. This undesirable effect was traced to an inductive 
link between the axial primary coil and the field coil itself.
To rectify this, it was necessary to add a compensating induct­
ance between the primary circuit and the field coil circuit•
This was achieved by winding a 190 turn coil, in series with the 
primary coils, onto the outside of the liquid nitrogen dewar 
containing the field coil. With this compensating coil, the 
total A.C. field was uniform to about 1% over the length of a' 
specimen, and to about 0 .1% over the central 2 cms of a specimen 
within the secondary coil.
2.2.2 Observation of waveforms and minor hysteresis loops
a) Waveforms
With the tuning capacitor switched out of circuit, waveforms 
were observed on the oscilloscope detector of the Hartshorn 
bridge.
Waveforms proportional to the rate of change of flux density 
in a specimen, B, have been observed by several workers, most 
recently by Ullmaier (1966) and by Rollins and Silcox (1967).
B waveforms can be observed by first balancing the bridge when 
the response of the specimen to the A.C. field is along a 
completely reversible diamagnetic path, for example, in zero D.C. 
field. When the D.C. field is increased above Hc ,^ a non-sinus- 
oidal waveform is observed if the response of the specimen 
follows a minor hysteresis loop. The appearance of such wave­
forms depends on the amplitude of the A.C. field, and on the 
amount of mixed state hysteresis in the magnetisation curve of 
the specimen*
No waveforms proportional to the rate of change of magnet­
isation of a specimen are known to have been published, M wave­
forms can be observed by first balancing the bridge when the
specimen is in the normal state, with H > H provided thatcp
the specimen is then transparent to the A.C, field. It is shown
in Appendix 2 that this condition is satisfied for the specimens
studied. A subsequent reduction of the applied magnetic field,
below H.*, yields non-sinusoidal waveforms corresponding to cp
minor hysteresis loops, first in the sheath state, and then, 
below in the mixed state.
The oscilloscope time sweep was adjusted so that two periods 
of the fundamental frequency were observed. The waveforms, and 
a reference signal corresponding to the applied A.C. field, 
superimposed on the oscilloscope graticule, were photographed 
on 35 mm negative film. B and M waveforms for various specimens 
were photographed at different D.C. fields throughout the 
transitions from superconducting to normal state, for different 
frequencies and amplitudes of the A.C. field. They form a very 
useful complement to the complex permeability transitions.
b) Minor hysteresis loops 
In order to display minor hysteresis loops on the oscillo­
scope, it was first necessary to integrate the B and M waveforms. 
An integrator amplifier was constructed for this purpose; a 
description and circuit diagram is given in Appendix 3*
The integrated waveforms were fed into the y amplifier of 
the oscilloscope, which was fitted with an xy plotter unit 
instead of a time base. A signal proportional to the primary 
current was fed into the x amplifier. The M - H response in 
zero field, and the B - H response in a field > Hc ,^ should be 
a straight line at an angle of 45° to the H axis. In order to 
produce this trace, it was necessary to adjust the phase of the 
signal corresponding to the A.C. field. With this signal phased 
correctly, the linear trace was adjusted by means of the
amplifiers so that it was of a standard length and 45° to the 
H axis.
B - H and M - H minor hysteresis loops were photographed 
in the mixed and sheath states for many of the specimens, for 
different frequencies and amplitudes of the A.C. field. They 
form a very useful complement to the magnetisation measurements.
2 .3 Eow temperature tensile deformation of the specimens
2.3*1 The tensometer
The specimens were strained by means of two coaxial tubes,
in a manner similar to that reported by Shaw and Mapother (I960).
The apparatus was designed to strain single and polycrystalline
specimens of the pure metals, Pb, Sn ,In and Hg, and of the
alloy systems, Pbln and InTl. Experimental results on the low
temperature deformation of these materials are very limited.
The results of Shaw and Mapother show that a stress of about 
-2400 Kgms cm is required to strain polycrystalline Pb about 
12%. This stress corresponds to a load of about 20 Kgms on 
2.5 mms diameter specimens. The apparatus was designed to load 
specimens up to a maximum of 23 Kgms.
In order to minimize heat conduction, it is necessary for 
the coaxial tubes to have a low thermal conductivity, and to have 
as small a cross-sectional area as possible. The latter condition 
is also required for the measurement coil system to be as close 
to the specimen as possible. The tubes, of which the inner will 
be in tension and the outer in compression, must have sufficient 
strength to remain undeformed by loads of up to 25 Kgms. Since 
it is convenient to use these tubes as current leads to the 
specimen, electrical dissipation must not be excessive. Another
important consideration is that, as the tubes surround a specimen 
they should be non-magnetic at liquid helium temperatures.
The material chosen for the tubes was an 80 - 20 brass alloy 
with very low ferromagnetic impurity. An outer tube of outer 
diameter 5/16”, with wall thickness .0 3 2 ”, and an inner tube of 
outer diameter 3/16”, with wall thickness .028”, were found to 
satisfy the above considerations.
The specimens were fixed at their upper ends by a grip 
which could be screwed into the lower end of the inner brass tube 
The outer diameter of this grip was equal to that of the inner 
tube. At its lower end, a specimen was gripped in a short brass 
cylinder of outer diameter equal to that of the outer tube. The 
specimen was moved into position by raising the inner tube until 
the lower grip touched the lower end of the outer tube, and was 
strained by forcing the inner tube further upwards. The lower 
grip was shaped so that the specimen was positioned coaxially 
with the tubes; deformation then produced a pure tensile strain. 
The specimen was held in the grips at both ends by two small grub 
screws. The severe deformation thus imparted to the specimens 
was limited to within about 2 mms of the screws, and this tended 
to strengthen these regions, making the specimen less likely to 
slip in the grips. A specimen, with grips attached, can be seen 
in the inset in Figure 2.3* The tensometer could accommodate 
specimens of a maximum diameter of 2.5 mms. Larger specimens, up 
to 5 mms in diameter, could be fitted into the apparatus without 
being gripped at either end.
At its upper end, the inner brass tube was soldered onto a 
s” stainless steel rod, which passed through the cryostat cap by 
means of a vacuum shaft seal. The rod passed through a
Figure 2.3 The upper part of the specimen holder 
( Inset. A specimen in its grips )
cylindrical brass housing, firmly fixed onto the cryostot cap., 
and into an externally threaded steel cylinder into which it 
could be locked. This threaded cylinder screwed into % capstan 
arrangement which could rotate on a ball-race fixed pnto the 
brass housing. This part of the apparatus can be seen in 
Figure 2.3* In order to strain a specimen, the stainless steel 
rod was first raised until the lower grip on the specimen just 
touched the lower end of the outer brass tube. In this position, 
the rod was locked into the threaded steel cylinder.' The rod, 
and hence the inner tube, was forced upwards by rotating the 
capstan. In order to eliminate any torsional deformation of the 
specimen, the rod was prevented from rotating by two:screws, 
locked onto the rod, which ran along vertical slits on opposite 
sides of the brass housing. One rotation of the capstan raised 
the inner tube by 1. 6 mms.
2.3*2 Stress and strain measurements
Stress measurements were made by means of four strain gauges 
cemented onto two copper strips, which bent as a specimen was 
loaded. Near its upper end, the outer tube was soldered into a 
short copper block, as shown in Figure 2.4 (a). The outer tube 
was anchored by two pairs of transverse strips, the other ends 
of which were soldered into a rigid copper bar which was firmly 
fixed into the underside of the cryostat cap. The upper pair of 
transverse strips made only touch contact with the outer tube and 
the copper cylinder. The thickness of copper strip needed for an 
end deflection of about 1 mm due to a load on a specimen of 
25 Kgms was calculated to be 0.1”.
Strain gauges were cemented onto the upper and under sides 
of the transverse copper strips; and were boated with wax.
Rigid Cu rod
heel:strip
■J uter feensoaeter. tube
Figure 2.4 Stress measurement of the ap carat 113
\  J  Slide. wire, .potentiometer
Ihe strain -gauge bridge, circuit 
A and. I) are extensional gauges 
and 0 are contraction&l gauges
Tinsley type 25A gauges were used, each having a resistance of 
about 124 ohms, and a gauge factor of 3*34. The four strain 
gauges, two of which were cemented onto contractional surfaces 
and two onto extensional surfaces, were used as the arms of a 
Wheatstone bridge circuit, as shown in Figure 2.4 (b). The cir* 
cuit was balanced initially using a 2 ohm Apex potentiometer, and 
subsequently, as a specimen was loaded, with the slide-wire 
potentiometer. The Wheatstone bridge circuit was calibrated by 
inverting the specimen holder and loading the outer tube with 
Kilogram weights. After several cycles of loading and unloading, 
the change in the balance point of the bridge circuit as a 
function of load became reproducible 5 reloading at a later date 
yielded a very similar calibration graph. When specimens were 
strained, the stress was deduced from the change in the balance 
point of the bridge circuit.
The lower transverse strips, stainless steel .025” thick, 
were soldered onto the outer tube to increase the lateral 
rigidity of the system.
The extension of a specimen was calculated by subtracting 
the small upward movement of the outer tube, determined by the 
load, from the upward displacement of the inner tube, determined 
by the rotation of the capstan. Stress - strain curves were plot­
ted for specimens deformed in tension at liquid helium temperatures
2.4 Other experimental considerations
c
2.4.1 A device for reducing the boil-off rate of liquid helium
It was calculated that the conduction of heat down the tubes 
of the tensometer would lead to a maximum working time with 
liquid helium that was possibly insufficient to take all the
necessary measurements. It was further calculated that if the 
upper ends of the tubes could be maintained at the temperature of 
liquid nitrogen, then the possible working time would be more 
than doubled. A system for cooling the upper ends of the tubes 
was therefore incorporated into the apparatus, and can be seen 
in Figure 2.3*
At a position about 7 cnis below the strain gauges, the outer 
tube was soldered into a copper cylinder 2n long. This cylinder 
was cooled by a coil of %,f bore copper tubing through which 
liquid nitrogen was passed from an external source. So that the 
copper tubes could take up vertical displacements of up to 1 mm 
as a specimen was loaded, it was necessary to incorporate two 
copper bellows. Above the bellows, bore stainless steel tubes 
were insulated from the cryostat cap by means of a hollow tube, 
closed at both ends, which was soldered into the cap.
The flow of liquid nitrogen, from a sealed dewar of 2 litre 
capacity, could be observed in a polythene tube linking the 
transfer line to the stainless steel tube, and could be control­
led by a leak from the sealed dewar. It was found that about 
1 litre of liquid nitrogen per hour was necessary to cool the 
upper end of the outer tube, and that this was effective in 
increasing the liquid helium working time. With a working temp­
erature of 4.2°K, about 2% litres of liquid helium in the 
apparatus lasted for 8 . - 9  hours.
2.4.2 ' The current leads
In order to use the coaxial tubes as current leads to a 
specimen, it was necessary to cut the outer tube somewhere below 
the cooling spiral, and to insert a solid insulating link between 
the two sections. A removable insulated copper wire formed the
positive current lead, and connected the external supply to the 
outer tube below the insulating link, for which a nylon ring 
was used. The negative current lead was taken directly from the 
cryostat cap. The inner and outer tubes were insulated from 
each other by two layers of thin teflon tape.
It was found that electrical dissipation of heat in the 
helium bath was not excessive, but that currents in excess of 
about 8 amps produced a significant heating of the alloy specimens.
2.4.3 Movement of the axial coil system
It was necessary for the magnetisation measurements to raise 
the axial coil system about 11 cms from around the specimen. A 
constantan cable was soldered into a %?v stainless steel rod which 
passed through the cryostat cap by means of a vacuum shaft seal.
The cable was guided, in a thin brass tube, down to a position 
just above that to which the coil system had to be raised. The 
lower end of the cable was fixed into the ebonite former of the 
coil system, which could then be raised and lowered externally 
by means of the stainless steel rod.
The stainless steel rod was raised into a tube whose 
internal diameter was slightly larger than the rod itself. The 
position to which the axial coils had to be raised was reproduc- 
ibly located by adjusting the position of the tube so that its 
lower end coincided with a stop screwed onto the rod.
2.4.4 Support of the transverse coil pair
The lower part of the specimen holder, including the coil 
systems, can be seen in Figure 2.5* The transverse mutual 
inductance was held in position by two tufnol rods, fixed into 
a tufnol bar which was screwed into the nylon insulating link

between the two sections of the outer brass tube. At their lower 
ends, the rods passed through the extremities of the solid ebon­
ite former of the transverse primary coil.
Because the axial coil system filled most of the available 
space in the helium dewar it was necessary to cut semi-circular 
niches in the ebonite formers, in two positions on opposite 
sides of the coil system, to accommodate the tufnol rods. These 
rods added rigidity to the apparatus, and provided a definite 
path along which the axial coil system could be raised.
2.4.5 Miscellaneous points
a) Under experimental conditions, it was found that the 
cryostat cap became frosted. This made the movement of the axial 
coil system rather jerky, due to hardening of the rubber *0 ? ring 
components of the vacuum shaft seal. To rectify this situation, 
an industrial hot air blower was set up to keep the cryostat cap 
warm. This also served to keep the temperature of the strain 
gauges as near to ambient as possible.
b) When a specimen was fixed in the apparatus, it was 
completely screened from the helium bath by its lower grip and 
by the outer brass tube. A number of small holes were therefore 
drilled in the lower part of the outer tube to allow a free flow 
of liquid helium around the specimen.
c) The leads to the coil systems and to the strain gauges 
were taken out of the cryostat through short bore tubes 
soldered into the cap. A short length of rubber tubing was slid 
over each tube, which could then be closed by squeezing the 
rubber with clips. This produced a sufficiently vacuum-tight 
seal for work below 4.2°K.
2.5 The liquid nitrogen cooled field coil
Of the materials to be investigated, the Fbln alloys have 
the highest critical fields. Livingston (1965) studied the 
superconducting properties of these alloys, and found that the 
upper critical field, Hc2, for the 8 wt% Fbln alloy was about 
2400 oe. Hc  ^for this alloy would be about 4000 oe., and this 
field was selected as the maximum that would have to be used in 
the experiments.
An external field coil around the double dewar system 
producing 4 Koe• would have to be so large that it would be 
impracticable. It was not possible to use a superconducting 
field coil as there was no space available within the helium 
dewar. Fritz and Jonston (1950) and Bon Mardion, Goodman and 
Lacaze (1964) have reported liquid nitrogen cooled field coils 
that can be safely used for the production of homogeneous mag­
netic fields in the Koe. region. It was therefore decided to 
design and build a liquid nitrogen cooled field coil.
2.5*1 Power dissipation
A rough estimate of the power dissipation necessary to 
produce a field of 4 Koe. can be obtained by considering a multi­
layer field coil of internal radius r-j^ and external radius r2, 
having n turns per unit length.
In rationalised M.K.8. units, H = nl , where I is the 
current flowing.
If the number of turns per unit area of cross-section is 
a, then H = a(r2 - r-^I .
The power dissipated per unit length of field coil, P, is s
-r2
where <3 is the resistivity of the wire, and oC its cross-
sectional area.
The packing fraction of the winding space f = o£<*. •
Hence P — ~’2-
f  r* - r i
For a rough calculation, let r^ = 2r^ , and f =0.4 f 
^ = 3 x 1(T9 ohm metres ( for copper at 77°K ) .
Then P a; 7 x 10-8 H2
S -1A field of 4 Koe. is equal to 3*2 x ICr amp turns metre
Therefore P ^ 7000 watts metre .
For a field coil of length 20 cms, the power dissipation
to produce a field of 4 Koe, is approximately 1400 watts. This
power dissipation would cause liquid nitrogen to boil off at
the rate of about % litre per minute.
2,3*2 Construction of the field coil
The design of the field coil is discussed in Appendix 4.
The shape of winding space which was computed to produce the
most suitable axial field distribution is shown in Figure A4.2.
q.
A field coil 20 cms long requires about 6.5 x 10 amp turns 
to produce 4 Koe. It was thought that, with a power dissipation
of about V/z Kilowatts, it would be very difficult to construct
a constant current power unit which supplied more than about 
25 amps. This therefore sets a lower limit for the gauge of 
wire which can be used for the windings.
With a liquid nitrogen cooled field coil, it is essential 
for there to be an efficient transfer of heat from the windings 
to the nitrogen bath. This requires spacers to be incorporated 
between adjacent layers of turns, and these should be suffic­
iently large to produce channels wide enough for the vapourised 
nitrogen to escape. In order to have as large a packing
fraction as possible, a fairly low gauge of wire is necessary.
When all considerations had been taken into account, it was 
decided to wind the field coil with 20 swg copper wire. It was 
then necessary to calculate the optimum size and separation of 
the spacers. The criterion used was that the outer layers of 
turns should touch each other only at a point midway between the 
spacers. This would then leave channels in the windings wide 
enough for the escape of vapourised nitrogen. The optimum 
diameter of the spacing rods was calculated to be ,066s’, with an 
angular separation around the windings of 24°. By the same 
criterion, the inner layers of turns would require these spacers 
with a larger angular separation. However, as it was thought 
likely that the spacers would become compressed by the winding 
tension, thus reducing the size of the cooling channels, it was 
decided to keep their angular separation at 24° throughout the 
winding space. 1/16” diameter nylon rods were chosen for the 
spacers, as this material is reasonably solid and remains non- 
brittle in liquid nitrogen.
A brass tube of outer diameter and of wall thickness 
.036”, with low ferromagnetic impurity, was used as the former 
of the field coil. The cheeks were thick brass plates, of 
diameter 6”, soft soldered onto the brass tube at a separation 
of 20 cms. 60 radial slits, of width 3/32” and of equiangular 
separation, were cut out of each cheek; 30 of these were used 
to accommodate spacing rods, while the remaining 30 allowed 
vapourised nitrogen to escape from the windings.
The brass former, before the windings were added, can be 
seen in Figure 2.6 (a). Another brass plate, with six large 
holes cut out of it, was soldered onto the upper extension of
\  ✓
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Figure 2.6 (a) The brass former
(b) The completed field coil
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the brass tube. The field coil was hung in the nitrogen bath 
by four rods fixed into this plate.
A layer of insulating paper was wrapped around the former, 
making its outer diameter precisely 7 cms. The former was fixed 
in a lathe, and turns were wound on by hand. 15 spacing rods, 
passing through every fourth slit in the cheeks, were set bet­
ween each layer of turns. Slit numbers 1, 5» 9 etc. were used 
alternately with numbers 3? 7* 11 etc. After the windings had 
been built up to a diameter of 12 cms along the complete length 
of the field coil, the end windings, each 5 cms long, were built 
up to a diameter of 14 cms. These windings were prevented from 
slipping towards the centre of the field coil by doubling back 
the nylon spacing rods. The completed field coil can be seen 
in Figure 2.6 (b).
2.5*3 Calibration and performance of the field coil
The field coil was first calibrated in liquid nitrogen
using a carefully wound search coil and the fluxmeter. This
calibration was subsequently checked by precisely locating the 
critical field of Pb, known from tables, for several, pure, 
undeformed specimensat temperatures close to 4.2°K, in terms of 
the current flowing in the field coil. The results of the two 
calibrations agreed closely. The field coil was found to 
produce 166.2 oersteds per amp.
A current of about 24 amps is required to produce a field
of 4 Koe. The resistance of the field coil in liquid nitrogen
was measured to be 3*5 ohms. The power dissipation when the 
field coil produces a field of 4 Koe. is thus about 2 Kilowatts.
The axial distribution of the field was plotted with the 
apparatus used to measure the variation of magnetisation along
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figure'2*7 Axial field distributions of the field .coil 
;,a) Computed 
b) As wound
o) With correction turns
the axis of rod specimens ( see Section 2.7 «1 )• It was found 
that the field coil produced a magnetic field that was uniform 
to within 0.4% along an axial length of 8.6 cms. This can be 
compared with the computed homogeneity of 0.095% along an axial 
length of 7.2 cms ( see Appendix 4 ). The shape of the actual 
field profile, compared with the computed field profile, is 
shown in Figure 2.7* In order to increase the field homogeneity, 
two supplementary windings were added to the field coil. Three 
turns were added in the position of the field minimum, and nine 
turns were added in the position of the greater field maximum. 
These windings were connected in series with the field coil, 
and increased the field homogeneity to better than 0.2% over an 
axial length of 8.6 cms, as shown in Figure 2.7.
A high stability, constant current, 2 Kilowatt power supply, 
capable of producing a continuously variable current from 0.2 
amps to 25 amps, was constructed for the field coil. Details of 
the design and construction are given in Appendix 5*
2.6 The cryogenics
2.6.1 The cryostat
.Photographs of the apparatus, and of the upper part of the 
cryostat are shown in Figures 2.8 and 2.9 respectively.
The outer dewar, of inner diameter 8”, rested in a 12sv cube 
block of expanded polystyrene set in a dexion framework. The 
field coil was hung inside this dewar.by four brass rods from 
the top of the framework$ adjustments to its position could 
easily be made. The tail of the helium dewar fitted fairly 
closely into the bore of the field coil, and rested on a poly­
styrene pad at the bottom of the outer dewar.
Figure 2.8 A general view of the apparatus
Figure 2.9 The upper part of the cryostat
A cylindrical brass tube of internal diameter slightly 
larger than the external diameter of the upper part of the. 
helium dewar, fitted over the latter ( see Figure 2.9 ) a&d 
rested on it on an internal brass ledge. A ring of thick 
rubber was placed between the upper end of the helium dewar and 
the brass ledge, to cushion the dewar from the upward 'force 
caused by the evacuation of the helium space. A vacuum-tight 
seal between the dewar and the brass cylinder was made by means 
of a length of car-wheel inner tube, tightened onto both comp­
onents with copper wire. The pressure in the helium dewar could 
be reduced by pumping through a tube soldered into the brass 
cylinder. A similar, but blank tube was soldered into the 
opposite side of the cylinder. The dewars, set in the dexion 
framework, stood on a small trolley, and could be wheeled in 
and out of their position in the apparatus. In position, the 
brass cylinder could be fixed rigidly into the apparatus by 
means of a rectangular framework fixed to the two tubes. The 
weight of the cylinder was thus taken off the helium dewap, 
while their relative positions were practically unchanged. A 
third tube was soldered into the brass cylinder, and connected 
the helium space -fco the manometer system.
A thick brass ring of outer diameter 6”, into which-;a semi­
circular groove had been cut to accommodate an' f0l ring of mean 
diameter 4%:i, was soldered onto the top of the brass cylinder. 
When the specimen holder ( the tensometer and the coil systems ) 
was lowered into the cryostat, its cap rested on the !0* ring 
and formed a vacuum-tight seal by its own weight. With the 
openings in the cryostat cap sealed, the space within the helium 
dewar could be evacuated»
2.6.2 The pumping system
The pumping and manometer systems are basically the same 
as those designed and built by Kwan Sik-Hung (1965), and are 
shown in Figure 2.10.
A working temperature belov/ 4.2°K was required for experi­
ments with the pure metals In, Sn and Hg, and with the InTl 
alloys* The pressure above the helium bath was reduced by means 
of a pump having a speed of 180 litres/min. The helium space 
was first pumped through the needle valve, with the butterfly 
valve shut, and the minimum pressure that could be achieved 
corresponded to a helium bath temperature of about 2.0°K. Temp­
eratures down to about 1.6°K could be obtained by pumping 
through the butterfly valve. Three lengths of pressure tubing 
were incorporated into the pumping line to reduce mechanical 
vibration from the pump; no vibration could be felt on the 
cryostat side of the flexible metal bellows.
At the required working temperature, the pressure of the 
helium space was trapped in the reference arm of the Cartesian 
manostat. The butterfly and needle valves were then closed, and 
the helium bath was pumped through the manostat, which auto­
matically controlled the pumping speed to maintain a constant 
pressure in the helium space. In some experiments, it was 
necessary to open the needle valve slightly, in addition to using 
the manostat, in order to maintain a constant working temperature
2.6.3 The manometer system
The pressure in the cryostat was measured by means of a 
mercury manometer, the reference limb of which was pumped con­
tinuously to a pressure of about 10 microns. The temperature of
lL
the helium bath was obtained by consulting the 1958 He vapour
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pressure tables.
In order to detect small changes in the helium bath pressure., 
a differential oil manometer, containing oil having a specific 
gravity of 0.87 at 20°C, had been incorporated into the mano­
meter system. At the required working temperature, the glass 
tap between the two limbs of the oil manometer was closed, thus 
trapping a reference pressure in the space which included a
I litre glass bulb in an ice bath. Subsequent changes in the 
helium bath temperature produced a difference in the heights of 
the limbs of the oil manometer. Any slow drift in the temp­
erature of the helium bath was immediately apparent, and could 
be corrected by adjusting the Cartesian manostat. The temper­
ature of the helium bath could be held constant to within 
0.005° at 2.5°K.
2.7 Additional apparatus
During the course of the experiments, it became apparent 
that it would be desirable to take certain measurements that 
were not possible with the original apparatus. Two additional 
items of apparatus were therefore constructed. The first was 
designed to study the variation of magnetisation along the axis 
of rod specimens of type II superconductors. The second was 
designed to study the rate at which flux enters or leaves a type
II superconductor when subjected to an incremental change in 
external magnetic field.
2.7*1 Apparatus for studying axial gradients of magnetisation 
The variation of magnetisation was deduced by moving a small 
search coil along the axis of a specimen and noting the deflect­
ions on the fluxmeter to which the coil was connected. A diagram
of the apparatus, which was designed to fit into the existing 
cryostat, is given in Figure 2.11.
A thin-walled german silver tube, of outer diameter was 
soldered into a brass plate 6” in diameter. Three thin perspex 
discs, of diameter slightly smaller than the inner diameter of 
the tail of the helium dewar, were fixed along the tube to make 
it coaxial with the field coil. Rod specimens, of maximum 
diameter 2.5 rested on a brass plug fitted into the lower end 
of the tube.
For maximum sensitivity, the search coil should have as 
small a diameter as possible and a large number of turns. In 
order to detect variations of magnetisation along the axis of th 
specimens, which were 7 cms long, it was necessary to use a short 
search coil. The length of the search coil was chosen to be 
2 mm. 700 turns of 46 swg copper wire were wound onto a brass 
former coated with an insulating spray. The search coil had a 
mean diameter of 8 mms, and a winding cross-section about 2 mm 
square. The search coil former was made so that it could run 
smoothly along the german silver tube. Two perspex discs, of 
diameter slightly smaller than the inner diameter of the helium 
dewar were fixed onto either end of the search coil former to 
add rigidity to the system. A 1/16” diameter brass rod, fixed 
into the former, was soldered into a stainless steel rod, which 
passed through the cryostat cap in a vacuum shaft seal. The 
search coil could be raised or lowered externally by means of 
the steel rod.
The procedure used to plot the variation of magnetisation 
along the axis of a specimen will be described in Chapter 4.
Helium dewar
Brass rod
Search coil*
■Perspex disc
■Brass former
Brass plug
Figure 2.11 Apparatus for measuring the variation of
magnetisation along the axis of rod specimens
2.7*2 Apparatus for investigating the rate at which flux
enters or leaves a type II superconductor 
The method of investigation is very similar to that used by 
Bean, DeBlois and Nesbitt (1959) for measuring the resistivity 
of cylindrical metal samples. The transient response from a 
search coil wound directly onto a specimen, which is subjected t 
an almost instantaneous incremental field change, is displayed o 
an oscilloscope and photographed, and then analysed. Vinen and 
Warren (1967) have successfully applied this type of measurement 
to determine the flux flow resistivity of superconducting sample 
over a wide range of magnetic fields. In order to elucidate th.:- 
nature of the A.C. response, it was desired to determine the 
rate at which flux enters and leaves specimens of 2 wt% Pblnc 
A diagram of the apparatus, which was designed to fit into 
the existing cryostat, is shown in Figure 2.12. A thin-walled 
german silver tube, of outer diameter ^ss, was soldered into a 6” 
diameter brass plate. For incremental field changes, an 
auxiliary field coil was wound onto the lower end of the tube. 
This coil consisted of 412 closely wound turns of 26 swg copper 
wire on a 10.6 cm length of tube, and produced a field of 48.8 
oe./amp. Two thin perspex discs, of diameter slightly smaller 
than that of the inside of the helium dewar, were fixed onto the 
tube at either end of the auxiliary field coil to make it, and 
the specimen, coaxial with the external field coil.
A simple make and break switch did not produce a satis­
factory step function of current in the auxiliary field coil.
An electronic current switch was therefore constructed; a 
description is given in Appendix 6.
The specimens used for these measurements were 7 cms long
M \
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field coil Search coil
Helium dewar Brass plug
Pigure 2*12 Apparatus for studying the transient response 
of rod specimens
and about 5 mms in diameter. Search coils, with 200 turns of 
42 swg copper wire, were wound directly onto the centre 5 mms of 
each specimen. Layers of insulation tape were wound onto the 
ends of the specimens to a diameter slightly less than that of 
the inside of the german silver tube. The specimens were located, 
parallel to the external magnetic field, in the centre of the 
auxiliary field coil. The search coils were>connected directly 
into the oscilloscope, and the transient response, when a small 
auxiliary field ( usually 16.6 oe. ) was switched off, was 
photographed on 35 mm negative film.
Section B
2.8 The specimens
2.8.1 The materials
Single and polycrystalline specimens of the pure metals 
Pb, In, Sn and Hg, and single crystals of the alloys Pbln and 
InTl were prepared in the form of cylindrical rods, 7 cms long 
and about 2.5 mms in diameter, for insertion into the apparatus 
described in Sections 2.3*1 and 2.7*1* The Pbln alloys were 
prepared with nominal concentrations of 1, 2, 4, 6 and 8 wt% In, 
and the InTl alloys with nominal concentrations of 14 (22.5)s 
33 (46.7), 38 (52.2) and 40 (54.3) at% (wt%) Tl. Por a careful 
study of the magnetisation properties, and for a study of the 
transient response, single crystal specimens of 2 wt% Pbln and 
33 at% InTl were prepared in the form of cylindrical rods,
7 cms long and 5 mms in diameter.
The materials used are listed in Table 2.1.
TABLE 2.1
Material Supplier
Total non-gaseous 
impurity content 
( p.p.m. )
Major
impurities
* Hg Johnson Matthey < 1 Cu, Ag
In L. Light 1 Pb, Tl, Sn
Pb Johnson Matthey 4 T1
Sn Johnson Matthey 14 Pb, In, Bi
T1 Koch-light labs < 10 Unknown
* The Hg was doubly distilled after receipt, and the impurity 
content given in the table is that found in a subsequent analyst0 
by Johnson Matthey & Co. Ltd.
2.8.2 The alloy specimens
The Fbln and InTl alloy specimens were prepared in a 
similar manner,
a) Casting of the alloys
The constituents, accurately weighed to the correct nominal 
proportions, were placed in a thoroughly cleaned pyrex glass 
test tube. The quantities were such as to produce a cylindrical 
rod of the alloy about 18 cms long and 3 mms diameter. The 
pyrex tube was evacuated to a pressure of about 10 microns, and 
the constituent metals were melted together over a bunsen flame. 
The .melt was thoroughly mixed and degassed by shaking the tube, 
which was continuously pumped. The alloy was then allowed to 
solidify, forming a hemispherical ingot. This ingot was tapped 
out of the tube and cleaned electrolytically.
A diagram of the casting apparatus is shown in Figure 2.13* 
The ingot was placed in another pyrex tube, which was funnelled 
and had a small hole in its lower end. A precision bore 3 mm
Closed end _ 
Ceramic tube
Precision bore 
pyrex tube
figure 2.13 The casting apparatus
pyrex glass tube, about 25 cms long, was thoroughly cleaned and 
sealed at one end. A high purity graphite cylinder was drilled 
out and shaped so as to provide a channel down which the molten 
alloy could run, from the pyrex glass funnel into the precision 
bore tube. The glass funnel with the ingot, the graphite guide,, 
and the precision bore tube were placed within another pyrex tube* 
This tube was hung from the rubber bung sealing the ceramic 
furnace tube, which could be pumped continuously. The position 
of the ceramic tube was adjusted so that the ingot and casting 
tube were located within the hottest region of the furnace. The 
temperature of the furnace was then raised to 500°C, in the case 
of the Pbln alloys, or to 500°C, in the case of the InTl alloys. 
The approximate melting point, of Pbln is 520°C, and of InTl is 
160°C. The temperature was held constant for about an hour, 
during which the tubes were agitated. The furnace was then . 
allowed to cool to room temperature, and the tubes were removed.
In most cases, a successful casting of the alloy into the 
mould was obtained. On occasions, the casting was observed to 
have bubbles along its length; these castings were rejected,
b) Growth of single crystals
The open end of a tube with a satisfactory casting was 
sealed under vacuum. The tube was then hung in the middle of 
the crystal growing furnace. This furnace, constructed by 
Hinton (1964), was uniformly wound with additional windings at 
its lower end. The current flowing through the two sets of 
windings could be varied independently to produce a uniform 
temperature within the furnace, and a steep temperature gradient 
at its lower end. This temperature distribution facilitates the 
nucleation and growth of a single crystal as a melt is lowered
out of the furnace* The alloy, in the pyrex tube, was melted 
at the centre of the furnace, and lowered at a rate of 2.6 cms 
per hour on a chain driven by a synchronous motor above the 
furnace. When the crystal had cooled to room temperature, the 
pyrex tube containing it was dissolved away in HF.
Cylindrical crystals of 5 nun diameter were grown in a 
similar manner, after casting the alloy into a 5 mm precision 
bore pyrex glass tube.
c) Preparation of specimens
The crystals were electrolytically etched, firstly to remove 
the oxidation products from the surface, and secondly to find 
out if they were monocrystalline. Many crystals were in fact 
completely single, and, being about 18 cms long, two 7 cm lengths 
could be obtained. Some crystals were only partly single, and 
produced only one 7 cm length. Very few crystals were not 
sufficiently single to be used at all.
An acid saw was first used to cut lengths from the crystals, 
but this was tedious, and was abandoned in favour of a razor 
blade. The damage introduced near the ends of the specimens was 
immaterial as they were subsequently electropolished and*well . 
anneale.d prior to. insertion into the apparatus-.
The singl'e crystals 7 cms long were electropolished down to 
the required diameter in solutions listed in Table 2.2. The 
specimens, with highly reflecting surfaces, were then sealed 
under vacuum in glass tubes and annealed within 10°C of their 
melting points for at least 2 weeks. Three or four specimens 
were prepared for each alloy concentration, with an extra ten 
for the 2 wt% Pbln alloy. No poly crystalline specimens of the 
alloys were prepared.
2.8.3 The pure metal specimens
a) pb, In and Sn
Single crystal specimens of Pb, In and Sn were prepared in 
a manner similar to that described for the alloy specimens, and 
were also sealed in evacuated glass tubes and annealed within 
10°C of their melting points for at least two weeks.
Polycrystalline specimens were prepared by a recrystallis^ 
ation technique; All three metals, Pb, In and Sn, recrystallise 
at room temperature after a heavy deformation. The pure metal 
was first cast into a 5 mm pyrex glass tube. After dissolving 
the tube in HP, the casting was cleaned electrolytically. The 
5 mm rod was then rolled down to a diameter of about 3 mms.
7 cm lengths were cut from the heavily deformed rod, and were 
electropolished down to a diameter of about 2.5 mms. The 
specimens recrystallised at room temperature, and the grain 
size could be controlled by the temperature and time of a sub­
sequent anneal. In the case of Pb, a short anneal ( about 1 
hour ) at room temperature produced a mean grain size of about 
0.1 mm. An anneal at 300°C for 24 hours increased the grain size 
to about 2 - 3  nuns. Grain sizes were determined by electrolyt­
ically etching the specimens in their electropolishing solutions, 
at a reduced cell voltage.
b) Hg •
Single and polycrystalline specimens of Hg were prepared by 
first introducing a 7 cm length of the metal into a thoroughly 
cleaned 2.5 mm bore glass tube, which was lubricated with alcohol 
and sealed at one end with a small rubber bung. Poly crystalline 
specimens were prepared by plunging the glass tube straight into 
a bath of liquid nitrogen. In order to produce a single crystal,
the tube was lowered slowly into the liquid nitrogen bath at a 
rate of 2.6 cms per hour. After the rubber bung had been removed 
the tubes were allowed to warm up to the temperature at which the 
alcohol melted, when a precooled rod was used to push the 
crystals out. The Hg specimens were stored in liquid nitrogen.
TABLE 2.2 Electropolishing solutions
Material Solution Cathode
Pbln
and
Pb
a) 63% Acetic anhydride 
35% Perchloric acid 
2% Water
Lead
b) 80% Ethyl alcohol 
20% Perchloric acid
Stainless
steel
InTl
and
In
A saturated solution of Potassium di~ 
chromate in conc. Sulphuric acid, di­
luted with an equal quantity of water
Stainless
steel
Sn Perchloric acid Aluminium
The various specimens were electropolished in the above 
solutions with a cell voltage of about 10 volts. After they had 
been polished, the specimens were washed in running water and 
dried on a paper tissue. The solutions, except that for InTl, 
were taken from Tegart (1959). The InTl electropolish was 
developed by the author, and was found to be superior to that 
used by Stout and Guttman (1952).
2.8.4 Analysis of specimens
No attempt has been made to analyse the alloy specimens. By 
comparing critical field and residual resistivity data obtained 
with 2 wt% Pbln specimens, with the data given by Livingston 
(1963) and Rollins and Silcox (1967), the actual composition of 
the alloy was deduced to be about 1.9 wt% Pbln.
CHAPTER 3
THE EEEECT QP STRAIN AND QP SURFACE CONDITION ON THE 
MAGNETISATION PROPERTIES OE 1 SOFT1 , LOW (C , TYPE II
SUPERCONDUCTORS
This chapter begins by describing experiments concerned 
with the effect of plastic strain, at room temperature and at 
liquid helium temperatures, on the magnetisation curves of rod 
specimens of 2 wt% Pbln and InTl alloys. Mechanisms for mag­
netic hysteresis are then discussed. It was found that the 
upper critical field, Hc2, for InTl alloys could be reversibly 
shifted by a tensile stress producing an elastic strain. This 
observation was investigated, and is discussed in terms of the 
thermodynamics of pressure effects. Anomalies in the nature of 
the magnetic transition at H w e r e  also observed, and an 
explanation is proposed. The effect of surface condition on the 
magnetisation properties of a well annealed 2 wt% Pbln specimen 
is then reported. The results are examined, and mechanisms for 
mixed state hysteresis in this specimen are discussed.
3*1 The effect of strain on the magnetisation curves
3*1*1 InTl alloys deformed at room temperature
Prior to the construction of the apparatus described in 
Chapter 2, the apparatus and specimens of my predecessor,
Kwan Sik-Hung, were used to make some preliminary measurements, 
concerning the effect of deformation on the magnetisation curves 
of InTl alloys. Magnetisation curves were plotted for single 
crystal specimens of 33 at% and 38 at% InTl, in a well annealed 
condition and with electropolished surfaces. The curves were
similar to those obtained by Kwan Sik-Hung (1965). Magnetisation 
curves were replotted after the specimens had been strained about 
10%, and again after they had been strained about 50% at room 
temperature. The specimens were subsequently heavily deformed 
by bending and by rolling at room temperature, after which the 
magnetisation curves were plotted once more.
It was found that each successive deformation produced only 
a small increase in the magnetic hysteresis. The difference 
between the curves for the well annealed crystals and for the 
heavily deformed specimens was not nearly so large as that 
found by Livingston (1963) for an 8 wt% Pbln specimen.
Livingston, however, cold worked this specimen at liquid nitrogen 
temperature, and did not allow recrystallisation to take place 
before plotting the magnetisation curve. InTl alloys recryst- 
allise at room temperature after a heavy deformation; the 
specimens probably did not contain defect configurations char­
acteristic of deformed single crystals, but were small grain 
polycrystals by the time they were inserted into the apparatus. 
Observation of thin slices of the specimens in the electron 
microscope confirmed that dislocations are mobile at room 
temperature, thus allowing the recrystallisation of heavily 
deformed material.
In order to investigate the effect of strain, and not of 
recrystallisation, it was thought necessary to deform the speci­
mens at liquid helium temperatures, and to make magnetisation 
measurements *in situ*. The apparatus, described in Chapter 2, 
was therefore designed and constructed, and specimens of InTl 
and of Pbln were prepared.
3.1.2 Pbln alloys strained at 4.2PK
a) Experimental results
Pbln alloys were chosen because of the large effect of 
deformation, noted by Livingston (1963), on the magnetisation 
curves of 8 wt% Pbln. An electropolished single crystal 2 wt% 
Pbln specimen, which had been annealed within 10°C of its 
melting point for 2 weeks, was inserted into the apparatus. A 
magnetisation Curve, and a minor hysteresis loop in the mixed 
state, were plotted. The curves were replotted after the 
specimen had been strained 11% at 4.2°K, and again after it had 
been strained 48%. The specimen was then removed from the 
cryostat and annealed at room temperature for 9 days, after 
which the curves were again replotted. Finally, the curves were 
replotted after the specimen had been annealed for 23 days at 
room temperature. During the anneal the specimen surface was 
not repolished, even though it became tarnished as a result of 
exposure to the atmosphere.
A magnetisation curve resulting from the field cycle 
> HQ 2 - 0 - > HQ 2 will be termed a major hysteresis loop, as was 
suggested by Schweitzer and Bertman (1966a). The curves result­
ing from field cycles of smaller amplitude will be termed minor 
hysteresis loops.
Major hysteresis loops for the 2 wt% Pbln specimen, strained 
at 4.2°K and annealed at room temperature, are shown in 
Figure 3*1 (a)* Corresponding minor hysteresis loops, in the 
mixed state between 465 oe. and 665 oe., are shown in Figure 
3*1 (b). The experimental points have been included for the 
first minor loop to indicate the accuracy with which the shape 
of the loops may be defined. The major and minor loops have all
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Figure 3*1 (.a) Major hysteresis loops for a single crystal
2 wt% Pbln specimen.
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gure. 3*1 (,b) Minor hysteresis loops for a single crystal
2 wt% Pb^n specimen between 463 oe. and 663 oe.
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ii) Strained 11% at 4.2°K
ill) Strained 48% at 4,20K.
iv) Annealed at room temperature for 9 days
v) Annealed at room temperature for 23 days
been normalised* so that the diamagnetic portions make an angle 
of 45° with both the H and the -4TTM axes.
Strain at 4.2°K produced an increase in the magnetic irrev­
ersibility, and in the trapped flux in zero field. Strain, and 
the anneal, also produced an increase in the field, H^, at 
which flux first penetrated the centre of the specimen. The 
change in hysteresis, resulting from the 48% strain, was small 
compared with the effect of cold work on 8 wt% noted by
Livingston (1963). The specimen recrystallised at room temp­
erature, after the deformation at 4*2°K, and the magnetisation 
curves show a decrease in hysteresis near HC2 > but an increase 
in hysteresis at lower fields. These changes in hysteresis 
become more marked as the specimen is annealed for longer periods.
b) Mechanisms for hysteresis
Some information about the mechanisms for hysteresis can 
be gained from an inspection of the minor hysteresis loops.
When the direction of field sweep is reversed in the mixed state, 
the magnetisation initially follows a diamagnetic path, implying 
that the bulk of the specimen is being shielded from changes in 
the external field by a change in the persistent current flowing 
in the surface. The maximum field that is completely shielded 
is labelled AH . In all the minor hysteresis loops, in 
Figure 3»1 (b), diamagnetic paths account for at least 60% of 
the *hysteresis width*. The term *hysteresis width* will be 
used to describe the field, & H m , that would be shielded from 
the bulk of the specimen if the diamagnetic path extended from 
the increasing to the decreasing field boundary ( or vice versa ) 
of the major hysteresis loop. and are indicated in one
of the minor loops in Figure 3*1 (b).
Surface current shielding accounts for about 70% of the 
hysteresis width of the undeformed specimen; this proportion 
decreases to about 60% for the heavily strained specimen, and 
increases to 85 - 90% for the recrystallised specimen. The 
fraction of the hysteresis width not accounted for by complete 
surface current shielding, where the magnetisation deviates from 
the diamagnetic path before joining a side of the major hyster­
esis loop, is due to the pinning of fluxoids, either in the bulk 
of the specimen or at its surface.
If fluxoids are pinned by a homogeneous distribution of 
defects in the bulk, there will be a variation in the fluxoid 
density between the surface of the specimen and its centre. 
According to the Bean (1962) model, discussed in Chapter 1, the 
magnitude of the gradient in the local fluxoid density, b, is
given by, curl b = 4 TTJ (b), where J.(b) is the bulk criticalc c
current density. The sense of the fluxoid density gradient
depends on the direction of the field sweep; in order to
traverse the width of the major hysteresis loop, by reversing
the direction of field sweep in the mixed state, the opposite
sense of gradient must be set up. The actual magnetisation path
followed will depend on the variation of J with the local
induction, as discussed by Green and Hlawiczka (1967). It will,
in general, be similar to that observed in the minor hysteresis
loops, after the surface current shielding field, A H  , iss
exceeded.
It has been suggested by Vinen and Warren (1967) that 
fluxoids may enter and leave a specimen in the mixed state by 
1 peeling* along the surface. The entry or exit of a fluxoid 
would then involve the movement of one or more flux spots along
the surface of the specimen* A surface flux pinning model, 
analogous to the bulk pinning of fluxoids, has been described 
by Hart and Swartz (1967). They proposed that suhface flux spots 
can be pinned at locations which make their free energy a 
minimum, and that a finite driving force is necessary to set a 
pinned flux spot array in motion. Surface flux pinning, which 
will be.* dealt with in detail in Chapter 4, would lead to a 
delayed entry or exit of fluxoids, and magnetisation measurements 
at the centre of a specimen would detect a gradual deviation 
from the diamagnetic path, before the boundary of the major 
hysteresis loop is reached.
The increase in hysteresis with strain is due partly to a 
small increase in the surface shielding currents, and partly to 
an increase in the pinning of fluxoids. Most of the latter 
increase is thought to be due to an increase in bulk pinning. 
However, slip steps appeared on the surface of the specimen 
during deformation, so that there could also have been an 
increase in surface pinning.
Recrystallisation and the extended anneal at room temp­
erature nearly doubled the shielding current contribution to 
hysteresis away from HC2 » and reduced by a factor of three the 
flux pinning contribution to the total hysteresis width. Most 
of the latter decrease is thought to be due to a reduction in 
bulk pinning. Van Gurp and Van Ooijen (1966) have suggested that 
the pinning of fluxoids by grain boundaries is more effective 
than pinning by a homogeneous or inhomogeneous dislocation 
distribution; this does not appear to be the case in this 
particular alloy.
An examination of the major and minor hysteresis loops
enables one to distinguish between surface current shielding and 
flux pinning mechanisms for hysteresis. It is difficult to 
separate bulk and surface pinning contributions to the hysteresis 
width in these experiments, as the defect configuration in the 
bulk and the physical condition of the surface both changed 
between measurements. An attempt to separate the surface and 
bulk pinning contributions to the hysteresis width has been made 
by studying the influence of surface condition on the magnet­
isation properties of a well-annealed single crystal specimen; 
these results will be reported in Section 3.3*
3.1.3 InTl alloys strained at liquid helium temperatures
The 2 wt% Pbln specimen, strained at 4.2°K, had.a yield 
stress of about 10 Kgm cnf*^ . Single crystal specimens of 33 at% 
and 38 at% InTl, at or below 4.2°K, did not yield at the maximum
__o
stress that could be applied, about 400 Kgm cm . However, an 
interesting effect was observed as a result of the elastic 
deformation. When magnetisation curves plotted for the 
undeformed specimens were compared with the curves plotted for 
the specimens under maximum tension, a shift in H ^  to a lower 
field, as a result of the stress, was apparent. Removing the 
tension was found to restore H-^ to its original value.
It is well known that pressure or tension causes a 
reversible shift in the critical field of a type I superconductor 
( see Shoenberg (I960) ). Hake (1968) has presented a thermo­
dynamic treatment of the volume and pressure effects in ideal 
bulk type II superconductors. The results of his calculations 
will be given later in this subsection.
A value for the derivative <> > bas been obtained for
<r It
38 at % and 33 at% InTl, by measuring the shift in as a 
function of tensile stress, <S“ . The shifts in H £ were 
measured from the M waveforms and the M - H minor hysteresis 
loops, which resulted from a small, low frequency, A.C. field 
superimposed on a D.C. field H H^. Figure 3*2 (a) shows 
traces for a single crystal specimen of 33 at% InTl loaded at 
1.71°K« The D.C. field was set so that, for the unloaded 
specimen, H +  j h ;| , was dust greater than H^. |kQJ» 
amplitude of the 64 cps A.C. field, was set at 27*5 oe* With 
the D.C. and A.C. fields constant, the waveforms and the minor 
hysteresis loops were photographed as the specimen, was subjected 
to an increasing and then to a decreasing tensile stress.
The shifts in H g were found to be completely reversible, 
and were accompanied by shifts in to maintain the ratio 
HC^/HC 2 ^  a constant value of about 1.7* The position of Hc ,^ 
however, did not change significantly when a specimen was 
loaded. The point on the waveforms, in Figure 3*2 (a), corres­
ponding to the HC 2 transition in increasing field, has been 
indicated. It is interesting to note the small spike on the 
waveforms at this point. This shows that the magnetisation 
curve Just below H £ is not linear, but increases in slope 
towards the transition, as can Just be seen in the minor hyst­
eresis loops. HC2 was taken as the field at which the mixed 
state response ended and the sheath state response began.
The results from single crystal specimens of 38 at % InTl at 
2*35°K, and 33 at% InTl at 1.71°K, are shown in Figure 3*2 (b) .
The experiments were performed twice for the 33 at% InTl specimen, 
and three times for the 38 at% InTl specimen. While the results 
are not completely reproducible for each specimen, owing to zero
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errors in the stress measuring apparatus, they do produce lines 
of an approximately constant slope. The mean values of the 
slopes give ;
 ^ = - 1.5 x 10”7 gauss dynes”"*" cm^ for 33 a"t% InTl
/ J'7t°K
^ = “ 3*9 x 10”® gauss dynes’”'*" cm^ for 38 InTl
c) 6 /a-^ 5'K
Seraphim and Marcus (1961) have shown that, for type I
superconductors,  ^Hc\ can be deduced from measured values of ^HeV
lr V v t
The shift in H_ with stress is written s c
6 <=
A <J,HC = ^  +  higher order terms
<• = I I, J - I
where and are the first and second order critical
field - stress coefficients.
Seraphim and Marcus show that, for crystals with full cubic 
symmetry, under a hydrostatic pressure, p s 
A p H c = -If P ■+■ higher order terms 
For the crystals under a tensile stress, %
A 3- Hc •= ^ , 6" 1- higher order terms
Thus h Hc~\ _ —X
e> <r
\ = - x  tJlc \
/x 3 t-T
Applying this expression to the shift in H ^ with tensile 
stress for the InTl single crystal specimens, which have a face 
centred cubic structure, the results become s
^ = 4 . 3 x 10” 7 gauss dynes”"*" cm^ for 33 InTl
P / t'Tf
= 1.2 x 10” 7 gauss dynes”’*' cm^ for 38 at^ InTl
'b p ' a
For. the InTl specimens, the thermodynamic relationships 
formulated by Hake (1968) may be written :
^  3 H c,\
where and A/< are the differences in thermal expans­
ivity and in isothermal compressibility between the normal and 
superconducting states at H 2 *
v. ——  ] ys qt> it ^or 58 at% InTl specimen wasO H J D69.P nC2
measured by taking the mean of the slopes of the increasing and
decreasing field magnetisation curves near and was found
to be 0.18 in the unloaded state, and 0 . 2 0 with a stress of
— P  ^H \380 Kgm cm applied. c* ) was taken from the results
K  / 2.35 K
of Kwan Sik-Hung (1965). Data was only available for 38 at% InTl 
and the value taken was - 290 pe.°K~'*'.
Substituting values into the above formulae yields, for 
38 at% InTl at 2.35°K s
Aoi - 5.0 x 10” 7 gauss2 dynes”1 cm2 °K” 1 .
a. o ll
A K  ^ 2 .1 x 10 gauss dynes cm
These values appear to be subject to a possible 10% error.
No information could be found regarding quoted values for these 
quantities for alloys. However, Shoenberg (I960) deduces a 
rough estimate for Ao< ~ 10”7, and for AK.— 10” 17 for type I 
superconductors.
Only a brief study of the effect of stress on H h a s  been 
made. It would be interesting to study the variation of
with temperature, for specimens of carefully selected orientation
3.2 The nature of the transition at H £
The thermodynamic relationships derived by Hake (1968) are 
valid only if the transition at H o c c u r s  without discontinuitie
in magnetisation, with other conditions. The nature of the 
transition at EQ^ has been studied by observing the response of 
the specimens to a small, low frequency, A.O. field, super­
imposed on a D.C. field, H ~  M waveforms and M - H minor
hysteresis loops were photographed, and examples of these are 
shown in Figure 3*3. An A.C. field amplitude of 27*5 oe. at 
64 cps, was used to produce all these waveforms.
It was noted in the previous section that a spike is 
observed on the waveforms, corresponding to an increasing slope 
of the magnetisation curve very close to H^, in increasing 
field. The appearance of this spike can be made more or less 
pronounced by changing the surface condition of the specimen. 
Figure 3-3 i) compares two waveforms for a 33 &t$ InTl specimen, 
whose surface was first pitted on a scale of about 20y< , and 
then electropolished to produce a smooth surface. The slope of 
the magnetisation curve near H ^ increases more rapidly for the 
electropolished specimen. The structure of the spike at HQ 2 
was found to be quite complex in some instances, as can be seen 
in the waveforms ii). These waveforms show the shift, and a 
sharpening of the EQ^ transition, as a result of the application 
of a tensile stress to a 38 ai$ 5^1 specimen.
It is thought that the spike on the waveforms, and the 
increasing slope of the magnetisation curve, is a result of a 
sharp difference in the surface shielding currents in the mixed 
and sheath states very close to H 2 » and not a property of the 
ideal reversible material. Spikes on the waveforms were also 
seen for certain surface conditions of 2 wt% Pbln specimens, as 
can be seen in Figure 3-3 iii) a * Surface currents can be 
completely eliminated in the sheath state, and almost completely
iv) a.
Figure 3*3 The nature of the transition at H
C £L
i) 33 at% InTl, comparing a. Pitted surface
b. Electropolished surface
ii) 38 at% InTl, comparing a. Unloaded
— Pb. Stress = 310 Kgm cm
iii) 2 wt% Pbln, comparing a. Electropolished surface
b.. Cd plated surface
iv) 33 &t% InTl, comparing a. Zero transport current
b. 1 amp transport current
eliminated in the mixed state near H 2 » by plating a layer of 
Cadmium, a normal metal at 4.2°K, onto the surface of a 
2 wtfg Pbln specimen. The resulting waveform and minor 
hysteresis loop, shown in iii) b., approach ideal reversible 
behaviour, and no anomalies in the slope of the magnetisation 
curve near are observed. If, however, only the sheath 
state surface currents are eliminated, by passing a transport 
current along the axis of the specimen, parallel to the field 
direction, as in the waveforms iv) b., the spike and the slope 
of the magnetisation curve close to H a r e  increased.
It has often been found, for example by Hart and Swartz
(1967), that there is a step in the critical surface current, 
plotted as a function of field, at H 2 » and that the magnitude 
of this step can be changed by altering the surface condition 
of the material. It is thought that the anomalies observed at 
the HC£ transition are due to this sharp difference in the 
surface currents between the sheath and the mixed states.
Ehrat and Rinderer (1968) have observed a steep drop in 
magnetisation near Hq2 for a Pbln alloy with K =0.71, ard ' *
they suggest that this is indicative of a first order phase 
transition at the upper critical field. If, however, the 
anomaly can be removed by eliminating surface currents, as 
found in these experiments, the bulk of the material will 
undergo the accepted second order phase transition at H 2 *
Under these conditions, the thermodynamic treatment of Hake
(1968) for ideal bulk type II superconductors is valid.
3V% ,
single crystal, 2 wt% Pbln specimen were influenced by its 
surface condition# Several investigators, for example 
Hart and Swartz (1967) and Joiner and Kuhl (1967)» Have shown 
that the surface of a type II superconductor plays an important 
role in determining the critical transport current# Vinen and 
Warren (1967) have reported that the hysteresis in the magnet­
isation curves of Mb specimens can be changed markedly by 
treating the surface. However, it has been suggested that the 
chemical treatment of Nb introduces hydrogen into the material, 
so that changes in the magnetic properties cannot necessarily 
be associated with changes in the physical condition of the 
surface. Little work appears to have been reported on the 
effect of surface condition on the magnetisation properties of 
’soft’, low K , type II alloys, apart from the plating experi­
ments of Schweitzer and Bertman (1966b) and others.
5.3*1 Experimental results
A 5 anil diameter 2 wt% Pbln single crystal, of length 7 cms,
was inserted into the apparatus in the as^*grown condition* At
magnetisation curve from the virgin state, and a major hysteresis
loop were plotted; they are shown in Figure 3*4 (a) 1)* Several
minor hysteresis loops in the mixed state were also plotted,
only one of which, between 450 oe. and 650 oe., has been included
in the diagram. The experimental points shown in the diagram
indicate the accuracy with which the shape of the curves can be
b
defined; the points will be omitted in susequent magnetisation
A
curves. Figure 3*4 (a) ii) shows the width of the major 
hysteresis loop, plotted against the upper field limit of
the hypothetical diamagnetic drawn between the boundaries of the 
major loop. This figure also shows points corresponding to the
field, A H  . completely shielded from the specimen when the s
direction of field sweep is reversed. £>H is plotted againsts
the upper field limit of the diamagnetics in both increasing 
and decreasing fields;
A value for the maximum change in external field that could 
be shielded from the specimen, as a function of D.C. field,1 was 
also obtained by A.C. measurements. The A.C. technique affords 
a more sensitive method of detecting the first bulk flux changes 
than an inspection of the minor hysteresis loops. The Hartshorn 
bridge circuit was balanced with a small A.C. field amplitude, 
at a particular D.C. field in the mixed state; 'With the oscill­
oscope gain at maximum, the null signal was observed as the A.C. 
field amplitude was slowly increased. The first changes in bulk 
flux density were detected by the appearance of a waveform 
corresponding to B; the critical A.C. field amplitude, |hQ| c, 
was noted. Experiments indicated that the critical A.C. field 
amplitude was frequency independent within the range 2 3 cps to
256 cps.' 2 1h i was therefore taken as the maximum field that I 01 c
could be shielded from the specimen, when the direction of a 
slow field sweep was reversed. Figure 3*4 (a) ii) includes the 
A.C. measurements, plotted in terms of 2 |hQ| c against H +  hQ| 0* 
After the run, the specimen was removed from the apparatus, 
and sealed in a glass tube at a pressure of cms of Hg. It
was then annealed for one month at 310°C. After being allowed 
to cool in the furnace, over a period of about 5 hours, the 
specimen was removed and, without treating its surface, inserted 
into the apparatus. Measurements, similar to those for the 
previous run, were repeated, and are shown in Figure 3*4 (b).
The surface of the specimen was unchanged, but had a rather
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tarnished appearance resulting from a slight oxidation during 
the anneal *
The surface of the specimen was then given a succession of 
treatments, which included electropolishing in two different 
solutions, chemically polishing, electroetching, chemically 
etching, and, finally, plating with Cadmium. The surface treat, 
ments were such as to avoid injecting any damage into the bulk 
of the specimen. Measurements, similar to those for the as- 
grown and annealed specimen, were taken after each surface 
treatment. It is sufficient at this point to report only the 
results for three of these surface treatments; results for the 
other treatments will be referred to in Chapter 5* Figure 3*4 (c) 
shows the results for the specimen electropolished in a solution 
of 20% perchloric acid and 80% ethyl alcohol. The results for 
the specimen chemically etched in 8% nitric acid, 12% acetic 
acid and 80% water are shown in Figure 3*4 (d). Finally,
Figure 3*4 (e) shows the results for the specimen after it had 
been electroplated with Cadmium, in a solution of Zonax cadmium 
salts, immediately after the experiment for the chemically 
etched surface.
The surface of the specimen was examined microscopically 
and photographed after each surface treatment. Some of the 
photographs are presented in Chapter 4.
3*3*2 Minor hysteresis loops
In the results, shown in Figures 3*4 (a) - (e), the maximum 
field that could be shielded from the bulk of the specimen, A H  ,o
after the direction of field sweep in the mixed state had been 
reversed, was found to be independent of the original direction 
of field sweep when plotted against the upper field limit of the
diamagnetics. Ullmaier and Gauster (1966) have reported similar 
results, for cold worked 43% Pbln and 25% FDZr. For other 
surface conditions of the same specimen, however, A  H was 
dependent on the direction of field sweep, and this was found 
to produce anomalies in the A.C. response. These results will 
be presented in Chapter 5-
The diamagnetic portions of the minor hysteresis loops were 
found to exhibit complete reversibility, unlike the partial 
irreversibility observed by LeBlanc (1964) in annealed Nb wires. 
The response of the specimen to a small, low frequency, A.C. 
field superimposed on a D.C. field, < H < H^, is along a 
reversible diamagnetic path, one end of which touches a point on 
the major hysteresis loop. As the A.C. field amplitude is 
increased, the onset of hysteretic losses, and the appearance of 
a finite B waveform, corresponds to the other end of the response 
deviating from the diamagnetic path. The critical A.C. field 
amplitude, 2|ho|c, should therefore correspond to A H g measured 
from the magnetisation results. In Figures 3*4 (a) - (e), 
however, 2|b0|c is always less than A H g, showing that the A.C. 
technique is much more sensitive for detecting the first bulk 
flux changes. The part of the width of the major hysteresis 
loop which is a result of surface current shielding is therefore 
2 bQ|c. The remainder of the hysteresis width, A H m - 2 |h | c»' 
must be associated with the pinning of fluxoids, either in the 
bulk of the specimen or at its surface.
3-3-3 Mixed state hysteresis
An anneal of the as-grown specimen produced a decrease in 
mixed state hysteresis. It also produced a decrease in the 
normal state resistivity of the specimen, measured by the eddy
current decay method described in Section 2.7-2, from 2.66 y^ilcm 
to 2.42 yuiicmi A comparison of Figures 3-4 (a) and (b), shows 
that the decrease in hysteresis resulted from a decrease in both 
the surface shielding current and the flux pinning contributions 
to the hysteresis width. Unfortunately, the surface of the 
specimen did hot remain unchanged during the anneal, but became 
slightly tarnished; otherwise the decrease in the flux pinning 
hysteresis could be attributed to a decrease in the bulk pinning 
of fluxoids.
After the anneal, the normal state resistivity remained 
approximately constant, at about 2.4 j*SLcm. For the results in 
Figures 3-4 (b) - (e), it is therefore assumed that the hyst­
eresis due to bulk pinning of fluxoids is the same. This 
assumption should be valid over most of the mixed state, except 
near , the field at which flux first penetrated the centre of 
the specimen, which was dependent on surface condition*
A microscopic examination of the specimen electropolished 
in 20% perchloric acid and 80% ethyl alcohol, showed it to have 
a good smooth surface. This surface condition will be referred 
to as electropolished (smooth), as opposed to the specimen 
electropolished in the other solution ( see Chapter 4 ), which 
will be referred to as electropolished (pitted).
The results in Figures 3-4 (b) and (c) show that the 
electropolished (smooth) specimen and the annealed specimen have 
a similar hysteresis width, A  H^. For the electropolished 
surface, however, the fraction of the hysteresis width assoc­
iated with flux pinning is only about 50% of that for the 
annealed specimen. Although the chemically etched specimen has 
a smaller hysteresis than the electropolished (smooth) specimen,
the flux pinning contribution is larger, and accounts for about 
40% of the total hysteresis width.
Electroplating the chemically etched specimen with a layer 
of normal metal, Cadmium, was found to reduce the hysteresis 
width still further. This is a well-known effect, reported by 
Barnes and Fink (1966), Schweitzer and Bertman (1966b) and others. 
The plating completely eliminated any sheath state response above 
HC2 s as can be seen in Figure 3-3 iii)j and considerably reduced 
the surface current shielding contribution to hysteresis in the 
mixed state. The flux pinning hysteresis was also reduced 
slightly compared with that of the unplated specimen.
Summarising, it has been found that the mixed state 
hysteresis in 2 wt% Pbln is dependent on the surface condition 
of the specimen. The hysteresis can be split up into two 
contributions, one associated with a surface current shielding 
mechanism, and the other with a flux pinning mechanism. The 
magnitude of both contributions was found to be dependent on the 
surface treatment. As the bulk condition of the specimen 
remained the same, the flux pinning hysteresis must itself be 
split into two contributions, due to bulk pinning and to a 
surface pinning mechanism. These experiments have shown that 
there is a contribution to hysteresis, not associated with 
complete surface current shielding or with bulk pinning, that is 
dependent on surface condition; this is associated with the 
surface pinning of fluxoids.
Unfortunately, the magnetisation measurements cannot isolate 
the hysteresis due to bulk fluxoid pinning. However, as the 
electropolished (smooth) specimen exhibited the least flux 
pinning hysteresis, A  Hm - 2|hQ| c j this sets an upper limit for
the bulk fluxoid pinning hysteresis in the specimen.
The pinning of fluxoids at the surface of a specimen will 
be considered in detail in the next chapter. Experimental 
results will be presented which yield direct evidence for surface 
pinning. It will be shown that surface current shielding, 
hitherto considered as a mechanism for hysteresis distinct from 
that of flux pinning, can, in fact, be related to the surface 
pinning of fluxoids. The nature of the surface conditions of 
2 wt% Pbln on a microscopic scale, and their relationship to 
flux pinning, will also be discussed in Chapter 4.
3.3*4 Trapped flux
The magnetisation curves in Figures 3*4 (a) - (e) show that 
the trapped flux in zero field is rather insensitive to surface 
condition. The anneal, which produced a decrease in the mixed 
state hysteresis* produced no change in the trapped flux. 
Electropolishing the specimen decreased the trapped flux by 
about 30%, but chemically etchihg and Cadmium plating the 
surface produced little further change. It is suggested that 
the trapped flux, which amounts to about 10% of H 2 * -^s no^ 
associated with the pinning of fluxoids in the bulk of the 
specimen, but with an interaction between the escaping fluxoids 
and the surface.
It was found that the trapped flux in zero field could be 
reduced by shifting the direction of the applied field so that
j
it made a small angle with the specimen axis. A transverse 
field component was added to the axial D.C. field, by connecting 
in series with the field coil a pair of coils which approximated 
to a Helmholtz pair. The transverse coils, having a mean radius 
of 4.5 cms, were wound to fit onto opposite sides of the central
.10 cms of the field coil. In series with the field coil, the 
transverse field coils were calculated to produce a 1° 35* shift 
in the direction of the applied field at the centre of the 
specimen. The angular shift decreased rapidly, in an axial 
direction, away from the centre of the specimen. The magnet­
isation measurements, taken with a coil pair of axial length 
2 cms, were sensitive to that part of the specimen affected by 
the transverse field component.
A complete magnetisation curve was first plotted for the 
electropolished (pitted) 2 wt% Pbln specimen, with no transverse 
field component. A major hysteresis loop was then plotted with 
the transverse field component applied. The results are shown 
in Figure 3*5 i)* In a decreasing field, the magnetisation 
curves are identical throughout the mixed state to a field below 
Hfp. The presence of a transverse field component then leads to 
a more complete expulsion of flux as the field is reduced to 
zero. Once the increasing field curve has joined the major 
hysteresis loop, the presence of the transverse field component 
has no effect on the magnetisation in the mixed state.
By connecting the main field coil and the transverse field 
coils plus a variable resistance in parallel, the angle between 
the applied field at the centre of the specimen and the specimen 
axis could be varied. Trapped flux was measured as a function 
of the angle of misorientation between the applied field and the 
specimen axis. The results are shown in Figure 3-5 ii)* The 
off-zero maximum is probably due to a small misorientation 
between the axes of the field coil and the specimen. Away from 
the maximum, the trapped flux decreases almost linearly, and 
falls to nearly half its maximum value by shifting the direction
4TTM (g)
UG'J
4°
H (oe)
Trapped flux (g)
loo 
/  80 - 
60 
40
20 1
7o
P
ii)
1° 0° O1V 2U
Angle between the specimen axis and R
,,o4 *f
Figure 3*5 i) Magnetisation curves for the electropolished
(pitted) 5 ana single crystal 2 wt% Pbln specimen
/
/  R parallel to the specimen axis
/ H +■ V k J ' from the specimen axis ✓ - '
ii) The variation of trapped flux with the angle 
between the specimen axis and. H
of the field about 2°. A similar variation of trapped flux was 
found with different surface conditions of the same specimen.
Lowell and Sousa (1967) have studied the expulsion of flux 
from thin plates of type II superconductors, as a function of 
the angle between the magnetic field and the sample plane. By 
making thermal conductivity measurements in a field H ^  0.7 Hc ,^ 
they show that there is a surface barrier to the expulsion of 
flux, unless the fluxoids intersect the surface.
Druyvesteyn (1965) compared the shape of the magnetisation 
curves for a 8.7 at% InPb rod in longitudinal and transverse 
fields. He found that the transverse field curve showed more 
mixed state hysteresis and trapped flux than the longitudinal 
field curve, and he accounted for this by using the Bean (1964) 
bulk flux pinning model. Any bulk pinning model, in which the 
bulk critical current density J is assumed to be proportional 
to Bn, where n is zero or a negative number, will predict a 
small increase in trapped flux as the direction of the field 
moves away from the axis of the specimen. Clearly, the trapped 
flux noted in these experiments, which decreases rapidly as a 
transverse field component is applied, cannot result from the 
pinning of fluxoids in the bulk of the specimen.
The results suggest that the expulsion of flux, in the 
mixed state, is delayed by a surface pinning mechanism,.rather 
than'by.a surface barrier. Below , it appears that a surface 
barrier, of the type suggested by Lowell and Sousa (1967), also 
becomes effective in delaying the expulsion of flux, unless the 
fluxoids intersect the surface. The reason for a surface 
barrier to flux expulsion becoming effective at about Hc  ^ ( <H^ , 
see next subsection ) is obscure, and no explanation can be given.
It would be interesting to repeat these experiments by- 
shifting either the specimen or the external field out of align­
ment, instead of applying a transverse field component only at 
the centre of the specimen. However, this was impossible with 
the experimental set-up.
3.3*5 Parameters for the 2 wt% Pbln specimen
The magnetisation curve of an ideal reversible type II
superconductor should be linear near the upper critical field
( see Chapter 1 ). Near Hc2, the magnetisation is given by :
—  V IT T d  _  )
Me* - H ©A (2Jcz — 0
where oC is a constant, which Kleiner, Roth and Autler 
(1964) showed is equal to 1.1803 for a triangular fluxoid lattice.
The magnetisation curve for the Cd plated specimen had the 
least hysteresis. The mean of the slopes of the increasing and 
decreasing field curves, near Hc2, for this specimen give s
-  4-TTM 
  = 0.338 ±  .005*
This gives a value for the Ginzburg-Landau parameter, 1< , 
of 1.33 dfc 0.02.
The upper critical field of a type II superconductor is 
given by s Hc2 = J2 KHQ. As Hq2 = 960 oe., HQ = 510 i  7 oe.
Harden and Arp (1963) have calculated Hc-^ numerically from 
the Ginzburg Landau equations, for values of K which are not 
large compared with unity. Their calculations give, for 
K =1.33, Hc1/Hc = 0.690.
Thus Hq1 = 352 ± l 4 oe.
This value of Hc-^ may be slightly incorrect, as the
equations used are strictly valid only near T .c
De Gennes (1966) gives :
.0, t< = X(t A
2-TT1T He I t ) v.(t'v % C r )
Substituting values for the 2 wt% Pbln specimen :
(4.2°K) = 5.76 x lO-6 cms , X(4-.2°K) = 7.66 x 10-6 cms. 
The lower critical field, Hc-^, is smaller than the field, 
Hfp, at vdiich flux penetration was first evident from the 
magnetisation curves. A comparison between and Hc  ^for the 
different surface conditions is made in Table 3-1 below.
TABLE 3.1
Surface condition Hfp (oe.) Hfp - Hcl
As-grown 444 92
Annealed 441 89
Electropolished (smooth) 421 69
Chemically polished 424 72
Electropolished (pitted) 446 94
Chemically etched 418 66
Cadmium plated 410 58
Even if the value of Hc-^ is slightly incorrect, the 
variation of H.j> indicates that a surface barrier to the 
penetration of flux at the centre of the specimen is operative. 
Bean and Livingston (1964) have predicted a barrier to the 
penetration of flux at a plane surface ( see Chapter 1 ). 
However, these authors suggest that the barrier may be over­
come by the nucleation of fluxoids near the ends of a specimen, 
due to field concentrations in those regions. The penetration 
of flux into the bulk would then proceed by the movement of 
flux spots along the surface of the specimen. If there is
appreciable surface pinning, the penetration of flux into the •' 
central region of the specimens would be delayed. The magnet­
isation measurements only detect the magnetic state of the 
central region of the specimen, and thus surface flux spot 
pinning can lead to an observed penetration field above Hc^« 
Measurements yielding information as to the way in which flux 
penetrates, near the lower critical field, will be described in 
the next chapter.
CHAPTER 4
SURFACE FLUX PINNING IN LOW K TYRE II SUPERCONDUCTORS
The results, in Chapter of the variation of magnetic 
irreversibility with the surface condition of a well annealed, 
single crystal, 2 wt% Pbln specimen, showed that there was a 
contribution to the hysteresis width which was not associated 
with surface current shielding, or with the bulk pinning of 
fluxoids. This * extra* contribution was found to be dependent 
on surface condition, and was associated with the pinning of 
flux spots along the surface of the specimen.
If fluxoids enter or leave a type II superconductor by the 
movement of one or more flux spots along the surface, and if 
these flux spots can be pinned at sites on the surface, then a 
variation of magnetisation along the axis of a rod specimen will 
be set up. This chapter begins by describing experiments in 
which the axial variation of magnetisation of rods of 2 wt% Pbln 
was measured for a variety of surface conditions. The results 
yield information about the way in which flux enters and leaves 
a type II superconductor. A surface flux spot pinning model, in 
many ways analogous to the bulk fluxoid pinning models, is then 
introduced. The implications of the experimental results are 
indicated, and the chapter closes with a discussion of 
persistent surface currents in type II superconductors.
4.1 Variation of magnetisation along the axis of rod specimens
4.1.1 Method of measurement
The apparatus has been described in Section 2.7*1 • Well 
annealed, single crystal, specimens of 2 wt% Pbln, 7 cms long
and 2.3 nuns in diameter, were inserted.into the apparatus with 
a variety of surface conditions. Care was taken to ensure that 
the specimens were of uniform diameter. The variation of 
magnetisation along the axis of a specimen was deduced by moving 
a small coaxial search coil along the specimen, and by noting 
the deflections on a sensitive fluxmeter to which the coil was 
connected. The search coil was 2 mms long, so that the magnet­
isation of the specimen could be sensed in a region no shorter 
than 2 mms.
The procedure used to obtain a magnetisation profile is 
illustrated in Figure 4.1, which shows results for an electro­
polished (pitted) specimen. The specimen was first driven 
normal in a field greater than Fluxmeter deflections were
then noted as the search coil was slowly raised from an 
arbitrary zero, about 1.5 cms below the lower end of the 
specimen, to the equivalent position above the upper end of the 
specimen. The profile obtained was a measure of the homogeneity 
of the applied field, over the area of the search coil, along 
an axial length in which the specimen was located. The field 
profile could be reduced proportionately to any lower applied 
field, below at which it was desired to obtained a magnet­
isation profile. Figure 4.1 shows the field profile at 500 oe. ; 
the inhomogeneity over the central 8.6 cms is less than 0.2%. 
After the field profile had been obtained, the applied field was 
reduced to zero and then increased to 500 oe. ( or decreased 
from above to 500 oe. ). At this field, the fluxmeter 
deflections were again noted as the search coil was raised 
slowly along the axis of the specimen. The resultant profile, 
which is distinct from the field profile, is shown in Figure 4.1.
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Figure 4.1 Deduction of the? magnetisation profile at 
H = 500 oe. (in increasing field) for an 
’electropolished (pitted.) 2 wt$ Pbln specimen.
i) Field profile
ii) Experimental profile
iii) Deduced magnetisation profile for the specimen
iv) Magnetisation profile after plating the 
specimen with Cadmium
The approximate magnetisation profile of the specimen was then 
deduced as the difference between the two profiles, which are 
essentially those with and without the specimen present.
Figure 4.1 also shows the magnetisation profile ( at 500 oe 
in increasing field ) for the electropolished (pitted) specimen 
which was plated with Cadmium immediately after the profile for 
the unplated specimen had been obtained.
4.1.2 Magnetisation profiles at different fields
Magnetisation profiles have been obtained for 2 wt% Pbln 
specimens, with different surface conditions, at a number of 
fields, 0 < H < H^, reached in both increasing and decreasing 
field. Profiles for a chemically etched specimen are shown in 
Figure 4.2.
The specimen was cooled to 4.2°K in zero field. The field 
was then increased to 250 oe., below H  ^ ( ~  350 oe.), and a 
magnetisation profile obtained. This profile should be merely 
a plot of the applied field along the length of the specimen, 
as no flux should have penetrated the bulk of the superconductor 
It can be seen that the profile is almost flat over a 4 cm axial 
length, 2 cms either side of the centre of the specimen. Flux 
did penetrate near the ends of the specimen, even though the 
field was below H Tbe ends of the specimen were fairly 
sharply cut, so that there was a field concentration in those 
regions, forcing the superconductor locally into the mixed state 
The profile at 250 oe. provides a means of calibrating the 
magnetisation scale, as the magnetisation of the central region, 
-4TTM, is equal to 250 gauss. The calibration for this partic­
ular specimen is 5*8 arbitrary units ( graduations on the scale 
of the fluxmeter ) per gauss.
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Figure 4.2 Magnet i sat ion profiles for a chemically etched 
2 wt% Pbln specimen in increasing (I) and 
decreasing (D) fields.
The increasing field profile at 500 oe., above H bas a
minimum in magnetisation, i.e. a maximum in flux density, close
to the centre of the specimen. As the field is increased, to
667 oe. and then to 833 oe. (HC2 ~~ 960 oe.), the minimum in
magnetisation becomes less pronounced and the magnetisation
gradients, <1 (~yrm) , are reduced. The decreasing field profiles 
dL il
are of the same general shape as those in increasing field, but 
with smaller magnetisation gradients. The implications of the 
shape of the magnetisation profiles will be discussed in 
Section 4.2.
4.1.3 The effect of surface condition on the profiles
An electropolished, single crystal, 2 wt% Pbln specimen 
was annealed for one month at 300°C in a rather poor vacuum 
(~5 x 10~^ cms Hg ). Magnetisation profiles were obtained at 
various fields for the following surface conditions §
a) As-annealed; the specimen had a smooth but tarnished 
appearance.
b) Electropolished in the perchloric acid - ethyl alcohol 
solution; the specimen had a highly reflecting smooth surface
c) Chemically etched; the specimen had a uniform matt appearance
d) Electropolished in the perchloric acid - acetic anhydride 
solution; the specimen had'a highlyLreflecting but finely 
pitted surface.
Photographs of the microscopic appearance of various surface 
conditions of 2 wt% Pbln will be presented in Section 4.3-1-
Magnetisation profiles for the specimen with the above four 
surface conditions, at 500 oe. in both increasing and decreasing 
field, are shown in Figure 4.3- The trapped flux profiles,
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obtained after reducing the field from above H t o  zero, are 
also shown in this diagram. Profiles in increasing field below 
Hc-p for all four surface conditions, had a central plateau 
region, as in Figure 4.2, showing that the specimen retained a 
uniform but decreasing diameter after each successive surface 
treatment. The profiles at fields above 500 oe. had the same 
general shape as those shown in Figure 4,5? but with smaller 
axial gradients and magnitudes of magnetisation. The implic­
ations of these results are discussed in Section 4.2.
4.1.4 Factors controlling the shape of the profiles
It was thought that the shape of the magnetisation profiles 
might be dependent on the applied field homogeneity. The 
profiles shown in Figure 4.3 were obtained with an applied field 
that was homogeneous to within 0.4% over the length of the 
specimen. The applied field profile has been shown in 
Figure 2.7 b). Correction windings were added to the field coil 
to increase the field homogeneity. The resultant field was 
homogeneous to within 0.2% over the length of the specimen; the 
profile has been shown in Figure 2.7 c) and in Figure 4.1. By 
connecting the additional windings in the opposite sense to that 
required to produce a more homogeneous field, an asymetric field, 
homogeneous to only 0.8% over the length of the specimen, was 
produced. The magnetisation profiles, for several specimens, 
obtained with the three different field distributions, were 
similar and showed only minor differences in shape.
It was also thought that the shape of the magnetisation 
profiles might be sensitive to a small misalignment between the 
applied field and the specimen axis. A small transverse field 
component could be added to the applied field by means of two
coils, which approximated to a Helmholtz pair, on either side 
of the field coil. The coil pair, in series with the field coil, 
produced an angular tilt in the applied field direction of about 
l1/2° at the centre of a specimen. Magnetisation profiles, for 
several specimens, obtained with and without the transverse 
field component, were also similar and showed only minor 
differences in shape.
It was therefore concluded that field inhomogeneity and any 
slight misorientation between the applied field and the specimen 
axis were not major factors controlling the shape of the 
magnetisation profiles. This was confirmed when a specimen, the 
magnetisation profile of which was similar to that shown in 
Figure 4.1, was reversed in the cryostat. This resulted in a 
reversed magnetisation profile which was otherwise of very 
similar shape to the original one. The shape of the magnet­
isation profiles must therefore be determined by the nature of 
the specimen surface.
4.2 Interpretation of the experimental results
4.2.1 The penetration and expulsion of flux
The possible existence of a barrier to flux penetration as
the applied field is increased above Hcl has been discussed in
Section 3*3*5* It was concluded that, in a rod specimen in a 
parallel magnetic field, any barrier would be overcome by the 
nucleation of fluxoids at the ends of a specimen. Flux penet­
ration would then proceed by the movement of flux spots along 
the surface.
A surface flux spot can be considered as the position at 
which a quantised unit of flux, , passes through a surface.
At this position, there is a component of local field normal to 
the surface, which is directed either towards or away from the 
centre of a rod specimen. Surface flux spots can therefore have 
either positive or negative sign, depending on the sense of 
their persistent circulating currents.
The mechanism of fluxoid entry and exit by the movement of 
surface flux spots was first implied by Bean and Livingston 
(1964), and later by Vinen and Warren (1967). The latter authors 
suggested that the peeling of flux lines along a surface might 
be hindered by surface imperfections, leading to a delayed 
penetration or expulsion of flux. Hart and Swartz (1967) have 
introduced a surface flux pinning model, in which they propose 
that flux spots can be pinned at locations on a surface at which 
their free energy is a minimum. This pinning model will be 
discussed further in Section 4.4.2.
If fluxoid entry and exit proceeds by the movement of flux 
spots along the surface of a specimen, and if the flux spots can 
be pinned at locations on the surface, then clearly there will 
be a variation of magnetisation along the axis of a rod specimen. 
There are three possibilities :
a) Fluxoid entry or exit by the movement of flux spots of one
sign from one end to the other. Surface pinning would result
in a maximum in magnetisation at one end of the specimen, 
and a decrease towards the other end.
b) Fluxoid entry or exit by the movement of flux spots from
both ends. Flux spots of opposite sign would then annihilate
each other near the centre of the specimen. With surface 
pinning, the penetration of flux would lead to a maximum in 
magnetisation near the centre, while the expulsion of flux
would result in a minimum in magnetisation near the centre 
of the specimen,
c) Fluxoid entry or exit by the nucleation of pairs of flux
spots of opposite sign near the centre, and their subsequent 
movement towards opposite ends of the specimen. With 
surface pinning, the penetration of flux would lead to a 
minimum in magnetisation near the centre, while the expul­
sion of flux would result in a maximum in magnetisation 
near the centre of the specimen.
The shapes of the magnetisation profiles therefore yield
information about the way in which flux enters and leaves a
type II superconductor. The axial gradient of magnetisation,
cI ( - 4 t tm )  , will depend on the strength with which flux spots 
dL "2.
are pinned. The dependence of the magnetisation gradient on z, 
the. distance along the axis, will be discussed after a surface 
flux spot pinning model has been presented in Section 4.4.
4*2.2 The magnetisation profiles for different surface 
conditions
The shape of the magnetisation profiles, shown in 
Figures 4.2 and 4.3, for the four different surface conditions 
of a 2 wt% Fbln rod, will now be discussed,
a) Increasing field profiles
The profiles at 250 oe., below H showed that the ends of 
the specimen were driven into the mixed state by the field 
concentrations in those regions. As the field was raised above 
Hc ,^ fluxoids had already nucleated near the ends of the . 
specimen,, and penetration throughout the bulk was delayed only 
by the pinning of surface flux spots. However, the profile for
the electropolished (smooth.) specimen shows that this was the 
only surface condition for which fluxoids entered only by the 
movement of flux spots from both ends. The off-centre maximum 
indicates the position at which fluxoids of opposite sign 
annihilate each other. The other three surface conditions of 
the specimen-produced minima in the magnetisation profiles.
This shows that flux entered by the nucleation of flux spot 
pairs, which then moved towards opposite ends of the specimen. 
Flux entered preferentially near the centre, even though the 
applied magnetic field was slightly lower than at the ends of 
the specimen ( see Figure 4.1 ). The magnitude of the magnet­
isation gradients will be discussed after photographs of the 
microscopic appearance of the surfaces have been presented, in 
Section 4.3*
b) Decreasing field profiles
The field concentrations at the ends of a specimen, which
aid the nucleation of fluxoids in increasing field, will delay
the expulsion of flux in decreasing field. One would therefore
expect the expulsion of flux to proceed after the nucleation of
flux spot pairs near the centre of a specimen.
agfesaBKHa- was observed for three of the four
yr, M u ’ Arts'W* .
surface conditions^ The magnetisation profile for the fourth, 
the electropolished (pitted) specimen, showed that flux was
•''Aft.r
expelled by the movement of flux spots of one sign from one end
A
of the specimen to the other.
c) Trapped flux profiles
Only the electropolished (smooth) specimen had a uniform 
distribution of trapped flux along its length. The chemically 
etched and electropolished (pitted) surfaces showed a maximum
trapped flux at one end of the specimen, and a decrease towards 
the other end. The oxidised specimen had the most non-uniform 
distribution of trapped flux along its length.
4.3 The relationship between surface condition and surface 
flux spot pinning
4.3*1 The nature of various surface conditions of 2 wt%? Pbln
The magnetisation profiles in Figure 4.3 were obtained 
first for the annealed oxidised specimen, and then for the 
specimen electropolished in the perchloric acid - ethyl alcohol 
solution. The electropolished specimen had a highly reflecting 
surface, and, when observed under a Reichart bench microscope at 
x 640, was seen to have a good smooth surface. No photographs 
were taken of this surface condition. The oxidised specimen 
had an electropolished (smooth) surface prior to the anneal.
The chemically etched specimen had a dull matt appearance 
to the naked eye. A photograph of the surface (x 720) can be 
seen in Figure 4.4 i). The treatment etched away part of the 
material, leaving islands with mean dimensions of 5 - 10 microns. 
The surface of the specimen between the islands appeared to be 
reasonably smooth, while the islands themselves were slightly 
pitted.
The specimen electropolished in the perchloric acid - 
acetic anhydride solution had a highly reflecting surface to the 
naked eye. A photograph of the surface (x 1280) can be seen in 
Figure 4.4 ii). Under the microscope, this surface was seen to 
be covered with fine pits of mean separation 0.2 - 0.4 microns.
Experiments concerned with the magnetic behaviour and the 
A.C. response of 2 wt% Pbln ( see Chapters 3 and 3 ) were
Figure 4.4 Photographs of surface conditions of 2 wt% Pbln
i) Chemically etched (x 720)
ii) Electropolished (pitted) (x 1280)
iii) As-annealed (x 256)
iv) Chemically polished (x 1280)
carried out with the above surface conditions, and with as-grown, 
chemically polished and electroetched surfaces. Photographs of 
the as-grown and chemically polished surfaces can be seen in 
Figure 4.4 iii) and iv). The as-grown surface had a dull 
appearance, and was rough on a scale of about 1 micron. The 
chemically polished surface had a specular appearance to the 
naked eye, but at a high magnification it was seen to be ridged 
on a scale of about 0.5 microns. The electroetched specimen 
( in the perchloric acid - acetic anhydride solution ) was 
observed to have a similar, but slightly coarser, surface to 
the electropolished (pitted) specimen.
4.3*2 The magnitude of the axial gradients of magnetisation
The increasing field magnetisation profile of the electro­
polished (pitted) specimen, see Figure 4.3? shows that this 
surface can support the largest axial gradient of magnetisation. 
The maximum gradient on this profile corresponds to a pinned 
array of flux spots of separation approximately equal to 1 
micron. If the flux spot pinning sites are associated with the 
pits that were observed on the surface of this specimen, and if 
the photograph is representative of that region of the specimen 
which exhibited the strongest flux spot pinning, then it appears 
that one flux spot was pinned for every ( approximately ) 10 
pinning sites.
The electropolished (smooth) specimen has the least magnet­
isation gradients because, presumably, the flux spots are only 
weakly pinned on the surface• As the chemically etched specimen 
also has relatively small gradients of magnetisation, it would 
appear that flux spots are not strongly pinned by the islands of 
material, but move along the smooth intermediate surface. The
oxidised specimen exhibits considerably greater surface pinning 
than the electropolished (smooth) specimen, even though the 
surface was smooth prior to the anneal.
As the field is increased above H 'b'&e. penetration of 
flux into a specimen is delayed only by the pinning of flux 
spots moving from the ends of the specimen towards the centre. 
The increasing field profiles indicate that, unless there is 
weak surface pinning as for the electropolished (smooth) 
specimen, flux will enter near the centre of a specimen by the 
nucleation of flux spot pairs, a process that is probably aided 
by microscopic surface roughness.
The profiles have smaller gradients of magnetisation in
decreasing fields than in increasing fields. A possible
explanation of this lies in thermal effects. According-to 
Otter and Solomon (1966), a surface at which fluxoids are 
created will be cooled, whereas a surface at which they are 
destroyed will be heated. The former situation would lead to 
a strengthening of local pinning barriers, while the latter 
would lead to a corresponding weakening. Rollins and Silcox 
(1966) used the concept of these thermal effects to explain the 
appearance of flux jumps in the A.G. response, on that part of 
the cycle during which flux was expelled from an 8 wt% Pbln 
specimen. These flux jumps have been observed with 2 wt% Pbln 
specimens, and their appearance will be discussed in terms of 
surface flux spot pinning in Chapter 5*
4.4 The pinning of surface flux spots
A surface pinning model
A model has been formulated by Dr. P.R. Doidge as an 
attempt to relate surface shielding currents and the variation
of magnetisation along the axis of rod specimens to the surface 
pinning of flux spots. I am very grateful to him for acquain­
ting me with this model, and for giving me permission to include 
it in this thesis.
Suppose that a rod specimen of a type II superconductor, 
radius a, is situated in a uniform parallel magnetic field,
< H < HC2 ? that has been previously increased ( or 
decreased ). It is assumed that fluxoids are not pinned in the 
bulk of the material. Suppose that fluxoids enter ( or leave ) 
the rod by the movement of surface flux spots from one or both 
ends. The possibility of the nucleation of flux spot pairs 
near the centre of the rod is ignored for the time being.
The Gibbs function, G, of a specimen in which fluxoids do 
not interact with the surface is :
G = f(B) - BH ( see de Gennes (1966) )
4TT
The term f(B) includes the individual energies of the 
fluxoids and their repulsive interactions.
With surface flux spot pinning, the Gibbs function of that
part of a specimen in which the sense of the axial magnetisation
gradients is everywhere the same can be written ;
G = [ | f (B) - m )  av + J4 int ds (X)
where B, a function of position, is the local induction in
the specimen, and Eb ^ is the free energy of interaction of the 
flux spots with.surface pinning centres per unit area. Any 
contribution to G from the repulsive interactions between flux 
spots is neglected.
By analogy with the bulk pinning of fluxoids in hard 
type II superconductors, a critical state of pinned surface
flux spots is considered. It is assumed that the critical state 
condition can be expressed by setting 8 G = 0 for an arbitrary, 
infinitesimal, displacement of the flux spot array. The 
displacement can be described by where £ is an infin­
itesimal length, and is an arbitrary function of z, the
distance along the specimen measured, say, from one end. The 
corresponding change in the surface integral of (1), using 
cylindrical polar coordinates, can be put in the form %
z TT S ( 6r0L>) £ 4> (Z) iz (2)
where <=<.s(8rQ.") is the surface pinning force per unit area, 
which is assumed to be a function of Bra, the radial component 
of induction at r = a.
Considering the volume integral of (1) s 
let Bq be the equilibrium induction in the field H ( from the 
reversible B(H) curve ), and let & = 6 p + A S(rz) at any 
point in the specimen..
Now 6> - 6>o A  6 (o,z') - £_ h & G> (o z^
A similar formula has been derived, in a different context, 
in Appendix 1.
As a first approximation, let & — £>0 w- A  B (3)
* ( » ) »  $ ( e o +  A 6 )  = +  l&\ A B  +  J_ (*8)1+..
=
4-TT '8=6
since ^
c> B /a* eo 4-TT
Let m . : *  , the incremental permeability .from the
reversible B(H) curve.
Equation (1) becomes i
& *  f  {  4 (6^ + H-_i_ (&&\ + ... -  ( &,j > A 6 )h U v  + f  F ^ d s
3 4.TT fc-rr^  ^-1T ) J
&  =  G- +• f ( a 6 )  T T o 2" A z  •+• f  F. , d sg-rr>». J J •"*
In the infinitesimal displacement of the flux spot array,
S G  = ——  1,1 a f  S>(AB) gL Z. ZTTa ("o£ \  £ ( z )  d  ~Z.
%1T> ) J " rcv '
Since % (&&) - - f f^z.) c) ( , ( obtained by considering
the difference in induction in the specimen between z and
z - £ s and by using the approximation (3) )
S Or -  —_fL_ £  C ( z )  d z  -t* ZTTcvC (°^s (i3r  ^ $ ( '* ')  2
A-^y> J C> z: J 0 r<X
If % G = 0 for an arbitrary 4>(*).
_ £ L  A 6  =  Z T T ^  ( 4 )
yiA c> Z____________________ ___________
The assumption that o( , is a function of B is equivalentrd
to assuming that it is a function of the surface flux spot 
density n. °<s will also depend on other factors, such as the 
applied field H, the temperature, and possibly the inclination 
of flux lines to the surface.
It follows from div B = 0 that %
b .  ( r  6 r )  =  -  r
'b r 'b z
If one assumes that, for small r, c> ( a S^ „ is constant,
B ^   ^{ &■€>) ^  at r = a
rcv 2 Vz
The surface pinning force can be written §
« t s ( 6 rO  = - _ M _  & rcL
II
AB, the induction greater ( or less ) than the equilibrium 
value B , must be associated with a persistent surface current
J ( o r  J^)9 apart from that associated with H - Bq •
A B  -  ^  A H  -  yA L+.TT T p
Thus oLs ( * - Tp C>rcv_
Bra, the radial component of induction at r = a, is equal 
to n ^ o , where n is the density of surface flux spots ( see 
Hart and Swartz (1967) ).
Thus =<s ( 6ra} = - J f "  <f>B
In the critical state, the pinning force per flux spot is 
equal to the driving force per flux spot. <f>Q is the component 
of the Lorentz force driving a flux spot along the surface, 
produced not by the total surface current, but by the current 
associated with the out-of-equilibrium induction.
4.4.2 Discussion of the model
In their surface flux pinning model, Hart and Swartz (1967)
equate the pinning force per flux spot to the component of the
Lorentz force driving a flux spot across the surface, in order
to define the critical surface transport current. They appear
to neglect the existence of surface currents other than the
applied transport current. It has been shown that, in rod
specimens with no applied transport current, the driving force
on the flux spots is produced by the surface current, or
associated with the out-of-equilibrium induction. The model
developed by Hart and Swartz is therefore strictly valid only
when the applied transport current is much larger than any
surface current other than that associated with H - B .o
Experimental evidence for the surface pinning of fluxoids, 
in the form of transport current measurements on thin specimens, 
has recently been presented by Joiner and Kuhl (1967) and by 
Martinoli and de Trey (1968). The variation of magnetisation
along the axis of rod specimens provides the most direct 
evidence for surface pinning.
The model presented in the previous subsection can be 
pursued a little further, to speculate on the variation of the 
magnetisation gradient with z.
Equation (4) becomes %
°<s ('BrcO  - (5)
According to Eriedel, de Gennes and Matricon (1962), the
driving force on flux lines pinned in the bulk of a material,
in one dimension, is equal to - , where 4r is the local
4TT>  ^*
internal field, and is the slope of the reversible B(H)
curve at this value of is . This expression is similar to the
model expression for oLs , which indicates that the bulk and
surface critical states are analogous.
To predict the magnetisation properties of hard type II
superconductors, Bean (1962) assumed that the bulk critical
current density, J , was independent of B, If c/- is assumedc ^
to be independent of the flux spot density, i„e. independent
of M a s ) , one can write, from (5) s 
^ x
=r Pi *>TT/A
b 'z.
where A is a constant.
This equation leads to &  B «=*■ "z.
Anderson (1962) presented arguments for J being inversely 
proportional to B. If o(s is assumed to be inversely prop- 
ortional to the flux spot density, equation (5) gives A 6 ^  21 5 
Now ^S(z') = - A  ^ - 4TT M  ( z ) |
where A  [ - vttm ( z )"| = —  .^TT M  ( z.) —  ( —  / f T T M ■
and -47TM is the equilibrium magnetisation in the field H.
The model therefore predicts A   ^ <x  ,
where n = for independent of iLL^L)
b -ZL ^
and n = %  for©<s proportional to
The magnetisation profiles obtained experimentally are not 
suitable for a comparison with the predictions of the model.
m
The asymetric nature of most of the profiles indicates that the s
surface treatments produced an inhomogeneous distribution of 
pinning centres, possibly of varying strength, along the length 
of the specimens. In order to make a useful comparison, it 
would be necessary to obtain profiles for specimens with well-* 
defined, uniform surface conditions#
The profiles, such as those in Figure 4.2, have shown that 
the magnetisation gradients decrease as the applied field is 
increased. <=<£, the surface pinning force, therefore decreases 
with increasing field. must go to zero at Hc ,^ or at Hc2
for plated specimens in which the surface sheath above H £ has 
been eliminated.
Certain experimental results on the A.C. response of 
2 wt% Fbln specimens can also be interpreted in terms of surface 
pinning. These results are presented and discussed in Chapter 5
4.5 Surface currents in type II superconductors
4.5*1 The magnetic behaviour
Surface currents in a type II superconducting rod in a
parallel field, Hc-^ <. H <  H^, have been discussed in
Section 1.5*5* An intrinsic surface current, J , can be defined
* s’
such that J - 10 ( H - B ) amps cm""1
4TT 0
Bq is the induction in equilibrium with the applied field H.
A rod specimen can support a paramagnetic or diamagnetic
surface current ( or ), in addition to the intrinsic
current J ( see the results of Barnes and Pink (1966), s
Schweitzer and Bertman (1966b), and Ullmaier and Gauster (1966) )
After the direction of field sweep is reversed, in the mixed
state, no change in bulk flux density is observed over a field
interval £>H = ATT ( j + j ) oe.
s IQ p a
The experiments in Chapter 3 have shown that, in rod
specimens of 2 wt% Pbln, at least 60% of the hysteresis width
is due to complete surface current shielding. The shielding 
current contribution to the hysteresis width, A H  , was found 
to be dependent on the surface condition of the specimen.
4.5*2 The origin of surface currents
Between and Hc ,^ a rod specimen has a superconducting 
sheath surrounding a normal resistive bulk. Abrikosov (1964), 
Park (1965)* Pink and Barnes (1965) and Park (1966) have all 
attempted to calculate the critical current of the super­
conducting sheath. These theories have been discussed in 
Chapter 1; the predicted critical currents will be compared 
with those obtained experimentally, for a 2 wt% Pbln specimen 
with various surface conditions, in Chapter 5*
The above theories have been extended below HQ2 » without 
taking into account the bulk solution, and they show that there 
is an enhancement of the order parameter, ^ , near to the 
surface in the mixed state. The surface of a type II super­
conductor in the mixed state can support a persistent current.
The basic problem concerns the mechanism by which persistent
surface currents are limited.
Schweitzer and Bertman (1966b) have suggested that surface 
currents are stabilised only if they generate sufficient entropy 
to overcome the increase in internal energy associated with the 
out-of-equilibrium induction. Campbell, Evetts and Dew-Hughes 
(1968) have studied the pinning of fluxoids by precipitates in 
PbBi alloys. They show that the phase boundary is the only 
region of a precipitate that can pin vortices, and they there­
fore conclude that vortices can be pinned by a specimen surface. 
Campbell, Evetts and Dew-Hughes found that the surface 
hysteresis, calculated directly from the experimentally 
determined pinning force of vortices with internal phase 
boundaries, agreed reasonably well with the low field hysteresis 
in an annealed € phase PbBi specimen.
The results presented earlier in this chapter show that, 
in 2 wt% Pbln rod specimens, flux enters and leaves in the 
mixed state by the movement of flux spots, and that these flux 
spots can be pinned at locations on the surface. The model, 
presented in Section 4.4.1, suggests that surface currents are 
associated with surface flux pinning. It was shown that, in 
the critical state, the driving force on a surface flux spot 
is equal to the component of the Lorentz force parallel to the 
surface, produced by the surface current associated with the 
out-of-equilibrium induction. The model therefore suggests that 
a surface will support only sufficient persistent current to set 
the pinned array of flux spots in motion, and thus allow bulk 
penetration or expulsion of flux.
This mechanism of surface currents could account for the 
observed changes in hysteresis with surface condition of the
2 wt% Pbln specimen. It is not possible, however, to correlate 
the surface currents, observed in the magnetisation measurements, 
with the flux spot pinning forces, which could be deduced from 
the axial magnetisation gradients, because the magnetisation 
measurements were sensitive only to a central region of the 
specimens, near which flux spots may or may not have nucleated.
It has been mentioned that the surface treatments produced 
an inhomogeneous distribution of pinning centres, possibly of 
varying strengths, along the length of the specimens. Different 
regions of the surface therefore require a different driving 
force to set the pinned flux spots in motion. In the magnet­
isation measurements, that part of the hysteresis width not 
associated with complete surface current shielding, or with 
bulk pinning, was associated with the surface pinning of flux 
spots. This fraction of hysteresis must result from local 
movements in the flux spot array, and the gradual penetration 
or expulsion of flux, caused by the inhomogeneous distribution 
of surface pinning centres.
The penetration and expulsion of flux may well be governed 
by different mechanisms for type II superconductors of widely 
different !< values. The PbBi specimens used by Campbell,
Evetts and Dew-Hughes (1968) had K equal to 12 - 14, whereas 
the 2 wt% Pbln specimens used in the experiments reported in 
this thesis had ^ 1.3. Campbell, Evetts and Dew-Hughes 
found that plating their specimens with a normal metal had no 
appreciable effect on the surface currents in the mixed state. 
Similarly, Ullmaier and Gauster (1966) found that silver plating 
25% NbZr, a high 1< superconductor, produced no change in the 
mixed state surface currents. Plating 2 wt% Pbln specimens with
Cadmium, however, has been found to eliminate any sheath state 
response above H 2 » and to reduce the surface current shielding 
contribution to hysteresis in the mixed state ( see Figure
3.4 (e) ). The reduced surface currents in Cadmium plated 
2 wt% Pbln have been found to be associated with reduced axial 
magnetisation gradients ( see Figure 4.1 ). It would be very 
interesting to repeat the experiments reported in this chapter 
on a high K PbBi specimen, to investigate whether this material 
could support axial gradients of magnetisation*
In conclusion, it is thought that sufficient evidence has 
been obtained to show that surface flux spot pinning is the 
mechanism limiting the magnitude of the persistent surface 
currents in 2 wt;: Pbln specimens. This mechanism can probably 
be generalised to all soft, low K , type II superconductors.
CHAPTER 5
THE RESPONSE OP A LOW K TYPE II SUPERCONDUCTOR TO A SMALL, LOW 
FREQQEHCY, A.Q. FIELD, AND TO AN INCREMENTAL FIELD CHANGE
The response of rod specimens of 2 wt% Pbln to a small, low 
frequency A.C. field, superimposed on an axial D.C. field,
Hq1 < H < Hc ,^ has been investigated. Kwan Sik-Hung (1965) and 
Rollins and Silcox (1967) have studied the nature of the A.C. 
transition in the surface sheath state, Hq2 < H < HQ ,^ in InTl 
alloys and in 2 wt% Pbln respectively, and the object of the 
experiments reported in this chapter was to extend their work 
into the mixed state region.
Waveforms corresponding to the rate of change of magnet­
isation with time, M, and M - H minor hysteresis loops have been 
observed and photographed. The relationship between the wave­
forms and the minor hysteresis loops is shown, and several of 
the latter are compared with corresponding parts of the static 
magnetisation curves.
The real and imaginary components of the complex 
permeability, i^* - iju,!, have been measured, and are plotted as a 
function of D.C. field for a number of frequencies of the A.C. 
field of constant amplitude. The frequency effect is then 
examined by an inspection of the M - H minor hysteresis loops.
A study has also been made of the transient response of the 
superconductor to an almost instantaneous incremental field 
change. The experiments yield values for the flux flow resist­
ivity as a function of the flux density of the specimen, and the 
frequency effects are discussed in the light of these results.
Anomalous results on the nature of the A.C. response, namely,
irreversibilities in the complex permeability transition and the 
simultaneous appearance of flux jumps on the M waveforms, are ' 
then presented and discussed. The magnetisation of the super­
conductor in the surface sheath state was measured for various 
surface conditions, and the results are compared with the 
various theoretical predictions.
5.1 The response at 64 cps
5.1.1 M waveforms and M - H minor hysteresis loops
• %
M and B waveforms, and M - H and B - H minor hysteresis 
loops have been observed by means of the Hartshorn bridge circuit 
( see Section 2.2.2 ). B waveforms and B - H minor loops for 
2 wt% Pbln with H ^  < H < HQ  ^have been reported by Rollins and 
Silcox (1967), and for hard superconductors with 0 < H < H ^  by 
Ullmaier (1966). To the authorfs knowledge, no M waveforms or 
M - H minor hysteresis loops have been published. M - H loops 
permit a direct comparison with the static magnetisation curve 
and with the plotted minor hysteresis loops, and are therefore 
more convenient to observe and to interpret than the corres­
ponding B - H loops. To avoid unnecessary duplication, only M 
waveforms and M - H loops will be presented in this chapter.
4k
The relationship between typical M waveforms and the corres­
ponding M - H minor hysteresis loops can be seen in Figure 5*1* 
The traces were photographed for the as-annealed 2 wt% Pbln 
specimen, the magnetisation curve of which is shown in 
Figure 3*4- (b). The upper and lower traces are characteristic 
of the sheath and mixed state response respectively. The A.C. 
field amplitude is 27*5 oe. at 64 cps, the frequency most 
commonly used for the A.C. measurements. H ^  for this specimen
T I ME
Figure 5 .1 The relationship between M waveforms and M - H
minor hysteresis loops for the as-annealed 
2 wt% Pbln specimen. 2 hQ | = 55 oe. at 64 cps
i) H = 1000 oe..( sheath state response )
ii) H = 900 oe. ( mixed state response )
is 960 oe. At the upper field limit of the cycle, H + jhQ| , at 
point 1 on the sine wave representing the applied A.C. field, 
the direction of the field sweep changes sign, and the bulk of 
the specimen is shielded from changes in flux density by a change 
in the persistent surface current. At point 2, approximately 
corresponding to the maximum on the M waveforms, the response 
deviates from diamagnetic behaviour, and flux begins to be 
expelled from the specimen. Flux continues to leave until the 
lower field limit of the cycle, H - |hQj , point J, is reached. 
Shielding currents then prevent flux entry until point 4, approx­
imately corresponding to the minimum on the waveforms, after 
which flux enters the specimen until the initial state, point 1, 
is reached.
The waveforms are proportional to d(-4TTM) = d_(-41TM).dH ,
cTt dH dt
and can be constructed if the slope of the minor hysteresis loop
is known at all points around the cycle.
5-1.2 Comparison between the M - H loops and the static 
magnetisation curve
A comparison between the M - H minor hysteresis loops, at 
different fields in the mixed state, and the static magnetisation 
curve has been made. Figures 5*2 (a) and (b) show the magnet­
isation curves, in the upper: mixed state region only, for the 
5 mm 2 wt% Fbln specimen with a chemically etched and a Cadmium 
plated surface, respectively. M waveforms and M - H minor 
hysteresis loops with identical field and magnetisation scales 
to the magnetisation curves, are shown at appropriate positions 
above the curves. An A.C. field amplitude of 27.5 oe., at 64 cps, 
was used to obtain the traces.
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The M - H loops have also been traced directly onto the 
magnetisation curves, so that a comparison can be made between 
the magnetic hysteresis under A.C. and static conditions. The 
M - H loops show slightly more hysteresis than minor loops that 
could be plotted by slowly changing the D.C. field. This 
suggests a small frequency effect, which will be discussed 
further in the next section. The waveforms and minor hysteresis 
loops show that the response of 2 wt$ Pbln, in the mixed state, 
to a small, low frequency, A.C. field is little different from 
the behaviour found under static conditions, by slowly cycling 
the D.C. field between H - jhQ| and H + jhQj .
3.2 Frequency effects
Frequency effects in the nature of the A.C. response have 
been studied by plotting the real and imaginary components of 
the complex permeability of the specimen as a function of D.C. 
field, at different frequencies of an A.C. field of constant 
amplitude, and by observing the waveforms and minor hysteresis 
loops.
3.2.1 juT and
When an axial D.C. field H, and a superimposed periodic . 
field, h(t) = hQcos wt, are applied to a rod specimen, the 
instantaneous flux density in the specimen is given by the
C o
expression s b(t) = hQ ^  ( j^Icos pu>t + u”sin p w t  )
p= o
The real and imaginary parts of the complex permeability, 
ji1 - iji"9 are given by the amplitudes of the in phase and out of 
phase components of the fundamental frequency of the above 
response*
A response along a reversible diamagnetic path gives
£ n transitions
jx* = jirt = 0 • In the normal state, a specimen with negligible 
eddy current screening has jx' - 1 and ji” = 0. This, however, is 
true only for specimens with a high normal state resistivity, 
and for low frequencies of the A.C. field. Normal state skin 
effect calculations ( see Appendix 2 ) give, for the 5 mm 
2 wt% Rbln specimen at 256 cps, = 0.9991 and ja” = 0.0658*
Figure 5*5 (a) shows yu* and p n transitions for the
chemically etched 2 wt% Rbln specimen, for different frequencies
from 52 cps to 256 cps, with an A.C. field amplitude of 27*5 oe.
Rollins and Silcox (1967) have shown similar jiv and jin
transitions for a 2 wt^ Pbln specimen, but with an A.C. field
amplitude of 5-6 oe. An A.C. field amplitude which is small
compared with the mixed state hysteresis width, causes the ^ u*
and transitions to take place between and Hc *^ A larger
amplitude, as used in the results in Figure 5*5 (a)* causes
changes in the bulk flux density at lower D.C. fields, and
shifts part of the transition into the mixed state. The A.C.
field amplitude was chosen so that the peak in the jjl11 transition
occurred below EL0.c2
In Figure 5*3 (a), ji' = '1?and jxn = 0 from zero field to a 
field where the amplitude of the A.C. field is just large enough 
to cause changes in the bulk flux density. The A.C. field, at 
this D.C. field, is equal to the maximum field that can be 
shielded from the bulk of the specimen by persistent surface 
currents. The A.C. response was .used as a sensitive measurement 
of the surface shielding current contribution to mixed state 
hysteresis, as described in Chapter 3« The critical A.C. field, 
2|ho|c> a particular D.C. field, was found to be frequency 
independent within the range 23 cps to 256 cps.
C\j 4* CO o• e 4 » <9
o o o o o i—i
1.... 1_ .H,__ _.... 1 -J-_ — .-  - *
o
o
r O  
oj
1 • ■ ,y....  n- — -‘— •"■-I— —-----1
o CO kO *•*1* CXI
* * * *
e~~i o O o o
3
Fi
gu
re
 
5*
3 
i,
a)
 
jx
* 
an
d 
ji
rt 
tr
an
si
ti
on
s 
fo
r 
th
e 
ch
em
ic
al
ly
 
et
ch
ed
 
2 
wt
% 
Pb
In
 
sp
ec
im
en
In the normal state, H - j tiQ j > Hc ,^ is assumed to equal 
unity, ya” has a finite frequency dependent value, which agrees 
fairly well with normal state skin effect calculations ( see 
Appendix 2 ). As the D.C. field is reduced below jxn
increases, corresponding to hysteretic A.C. losses in excess of 
those in the normal state. The maximum in the jin transitions 
corresponds to the field at which the B - H minor hysteresis 
loop encloses a maximum area.
As the D.C. field is decreased, ji* decreases until a field 
close to H where a small peak, which exceeds 1.0 at the lower 
frequencies, appears. A reversible type II superconductor would 
appear paramagnetic to a small A.C. field superimposed on a D.C. 
field in the mixed state, and^i* would be equal to the slope of 
the induction curve between H - |hQ J and H + |hQj. The peak 
observed in the ji1 transitions appeared because the A.C. field 
amplitude was much larger than the hysteresis width of the 
magnetisation curve just below H^. A much more pronounced peak 
was observed for the Cadmium plated specimen, in which surface 
currents were almost completely eliminated near H At fields 
below the peak, jx% decreases monotonically to zero.
Increasing the frequency of the A.C. field increases the 
magnitude of the peak injiu, and shifts it to a slightly higher 
field. At fields near to and above the peak in , a higher 
frequency produces a greater hysteresis loss per cycle. In a •
small D.C. field, range well below the peak in jj.", a higher 
frequency produces a smaller hysteresis loss per cycle. 
Increasing the frequency also shifts the ji' transition to a 
higher field, and causes the peak near to become less 
pronounced.
Much of the above is well known, having been presented by 
Kwan Si'k-Hung (1965), by Van Sngelen, Bots and Blaisse (1967)? 
and by .Rollins and Silcox (1967), but has been included here for 
the sake of completeness. and transitions provide a
useful illustration of frequency effects, but for an under­
standing of the physical mechanisms by which these effects are 
produced, it is more profitable to observe the waveforms and 
minor hysteresis loops directly.
5.2.2 The waveforms and minor hysteresis loops
As an example of the frequency effect, Figure 5*3 (b) shows 
M waveforms and M - H minor hysteresis loops for the chemically 
etched 2 wt% 2bln specimen, at a field of 733 oe. with the same 
A.C. field amplitude, 27.5 oe., as was used for the ji* and jin 
transitions. The fact that the critical A.C. field amplitude 
for the first detectable changes in bulk flux density is 
frequency independent within the range 23 cps to 256 cps has 
already been mentioned. The lengths of the diamagnetics of the 
minor hysteresis loops, at a particular D.C. field, are thus 
frequency independent. The frequency effects must therefore 
appear in those parts of the cycle during which flux enters or 
leaves the specimen. These effects can be clearly seen in the 
minor hysteresis loops in Figure 5-3 (b).
The change in flux density in the specimen during each half 
cycle can be measured from the M - H minor hysteresis loops by 
extrapolating the diamagnetic portions of the loops to the upper 
and lower field limits of the cycle. The increasing field 
diamagnetics have been extrapolated in Figure 5*3 (b), and the 
difference in magnetisation between the extrapolated line and 
the loop at H^c + |hQ| , A(-ATTM), is equal to the increase in
i) 23 cps
4TTM
Time
iv) 128 cps
& (-4TTN)
*
Figure 5*3 (b) M waveforms and M - K minor hysteresis loops
with 2 |h | = 55 oe., = 733 oe., for the
chemically etched 2 wt% Pbln specimen.
flux density over the increasing field half cycle. This change 
decreases with increasing frequency. A similar frequency effect 
on the decrease in flux density over the decreasing field half 
cycle is also observed.
When the A.C. field amplitude is just large enough to cause 
changes in the bulk flux density, the effect of an increasing 
frequency is to make the hysteresis loop narrower, i.e. to 
decrease both^i* and ji". When the A.C. field is large compared 
with the hysteresis width of the magnetisation curve, an . 
increase in frequency causes the minor hysteresis loops to 
enclose a greater area, i.e. to increase ji” and to decrease .
The frequency effects observed with the ji1 and jin transitions 
can thus be correlated with observations of the change in shape 
of the minor hysteresis loops.
In order to investigate the frequency effects further, a 
study has been made of the rate with which flux enters or leaves 
the type II superconductor. The results are reported in the 
next section.
5>3 The transient response to incremental field changes
An investigation has been made into the rate with which 
flux enters or leaves a type II superconductor in the mixed and 
sheath states. The apparatus has been described in Section 2.7-2, 
and in Appendix 6. The method of measurement was similar to 
that used by Vinen and Warren (1967), and involved an observation 
of the transient response from a search coil, wound directly onto 
the specimen, when a small increment of axial field was almost 
instantaneously removed or added. Measurements were taken from 
photographs of the transient response, for the ^ mm 2 wt% 
specimen in the as-grown, the as-annealed, the electropolished
( p i t t e d ) ,  a n d  t h e  Cadm ium  p la t e d  c o n d i t i o n s .
5.3*1 Observation of the transients
The transient response was photographed after an increment 
of field AH, usually equal to 16.6 oe., had been added to or 
subtracted from the applied field H. As was found by Viren and 
Warren (1967), & transient response was observed only when the 
direction of the field increment was such as to move the state 
of the specimen along the magnetisation curve. If H had been 
reached by increasing the field, the transient response was 
observed on adding a H. Removing AH produced no transient 
response, unless the incremental field was large enough to 
traverse the width of the major hysteresis loop along a diamag­
netic path. In decreasing fields, the transient response was 
photographed after A H  had been removed from the applied field.
5.3*2 Experimental results
The results for the Cadmium plated specimen, which had the 
most reversible magnetisation curve, are presented first. The 
transient responses were analysed by plotting the amplitude, on 
a log scale, as a function of time, on a linear scale. No 
correction was made for the time constant of the coil system 
without any specimen present, equal to about l^isec., and this 
introduced an error which did not exceed 2%,
A representative selection of the results is shown in 
Figure 5*4-. The responses at different fields have been 
displaced along the time axis for clarity of presentation.
Above Hc2 ( for the plated specimen ) the response was 
exponential, characteristic of a normal metal. Bean, DeBlois 
and Nesbitt (1959) found that the rate of decay of eddy currents
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Figure 5«4 The nature of the transient response of the 
Cadmium plated 2 wt#» Pbln specimen. 
Incremental field increase = 16.6 oe.
in a cylindrical rod of normal metal could be represented as the 
sum of a series of decaying exponentials, the longest time 
constant of which is given by s
where R is the radius, jx the permeability, and ^ the 
resistivity of the specimen. They found that the transient 
response became very close to a simple exponential after a time
equal to 71 . The results in Figure 5-4- show the transient
responses after the short-lived exponentials had died away. The 
response above H^  was used to obtain a value for the normal 
state resistivity of the Cadmium plated 2 wt% Fb^n specimen.
At fields below H 2 » it appears that the response can be 
characterised by the sum of two decaying exponentials, the 
shorter lived having a time constant 7*f , and the longer a time 
constant . The two exponentials are defined by the lines in 
Figure 5*4-. The shorter lived transient dominates the response 
near H^, while the longer becomes more pronounced at lower 
fields. The two time constants, and “7^  , are plotted as a
function of field, H, in Figure 5*5 (a), for both the increasing 
and the decreasing field responses, H H + A H  along the 
increasing field magnetisation curve, and H —► H - A H  along the 
decreasing field curve.
The superconducting surface sheath between H ^  and HQ^ had 
been completely eliminated in the Cadmium plated specimen. The
response of the unplated specimen was characteristic of the
normal state only above HQ .^ Between RQ  ^and H^, as in the 
mixed state of the plated specimen, the response again appears 
to be the sum of two decaying exponentials. The time constant 
of the shorter lived exponential was equal to the normal state
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(b)
The mixed state transient response of the 
Cadmium plated 2 wt% Pbln specimen*
The sheath state transient response of the 
electropolished rpitt-ed) 2 wt% Pbln specimen
time constant, . The variation of the longer time constant, 
with field H is shown in Figure 5*5 (b), for the electro- 
polished (pitted) specimen*
Since the shorter lived exponential, above had a time
constant equal to /T „  , it seems reasonable to associate it with 
the decay of eddy currents in the bulk of the specimen. The 
longer lived exponential must be a result of the presence of a 
superconducting surface sheath. Extending this argument into the 
mixed state, the shorter lived exponential should be charact­
eristic of the motion of fluxoids in the bulk of the material, 
while the longer lived transient should again result from the 
presence of a superconducting surface sheath.
The transient responses of the specimen, for the four 
different surface conditions, have been compared at the same 
fields. Figure 5*6 shows two such comparisons at fields of 
933 oe. and 733 oe. The time constant of the shorter lived 
exponential, T ( , is approximately independent of the surface 
condition of the specimen at a particular field. Rigorously, 
the transient responses should be compared at constant induction 
rather than at constant field, as will be shown in the next 
subsection. However, the transients plotted in Figure 5*6, at 
constant field, are suitable for a qualitative comparison. The 
time constant of the longer lived transient was found to depend 
markedly on surface condition, showing that is associated 
with a surface effect.
The transient response of the unplated specimen, in the 
mixed state, was not so well defined as it was for the plated 
specimen. The short time constant nr, could not be measured 
with any great accuracy at low fields, when the longer lived
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Figure 5*6 A comparison of transient responses of the 
2 wt0o Pbln specimen with, different surface 
conditions* Incremental field increase = 16*6 oe
transient dominated the response. In general, for the tinplated 
specimen, the mixed state response could be analysed into a 
short lived exponential, and a longer lived transient, which was 
not always a simple exponential.
5.3-3 Flux flow resistivity
Vinen and Warren (1967) have studied the transient response
to incremental field changes of the superconductors Nb and NbTa
in the mixed state. They obtained values for the flux flow
resistivity, 0 , from the time constant of the exponential
r
responses, using the formula^ derived by Bean, DeBlois and
*2.
Nesbitt (1959) s R
r
They took the value of ji to be equal to the slope of the
induction curve, between H and H i  ^H, of their specimens. By
plotting their results in terms of the reduced flux flow 
resistivity, ^  /fn 1 against the reduced induction, B/HC2 » they 
investigated the validity of the empirical relationship suggested 
by Kim, Hempstead and Strnad (1965) s
= B B ^c2(T)
H c 2 ( 0 )  '  H c 2 ( T )  H c 2 ( 0 )
Taking the short time constant, T  , as being characteristic
of the bulk flux flow, and taking ji as the slope of the B(H)
curve over the incremental field region, H ±  &H, the reduced
flux flow resistivity of the 2 wt% Pbln specimen has been
similarly calculated.
Figure 5-7 (a) shows the reduced flux flow resistivity of
the Cadmium plated specimen, plotted as a function of the reduced
induction, B/H^, measured from the magnetisation curve. The
well-defined flux flow resistivity results for the different
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Figure 5*7 Reduced flux flow resistivity as a function of 
reduced induction for t
(a) The Cadmium plated 2 wt% Pbln specimen
.(b) Different^ surface conditions of the 2 wt# Pbln 
specimen
The broken lines indicate the relation p,,/o ~ b/H o(0)\ X il (3
surface conditions of the same specimen are combined in 
Figure 5*7 (b). The broken lines on the graphs indicate the 
empirical relation fn = B/H^CO). The value of H^CO) for
the specimen, 1470 oe., was estimated by taking T_ for the alloy 
as 7-10°K and by assuming a parabolic dependence of with 
temperature. Vijfeijken and Niessen (1965) have also derived an 
expression for the flux flow resistivity as a function of flux 
density, but this cannot be compared with the “experimental 
results for 2 wt% Pbln, as the expression is also a function of 
the fluxoid core field, the field dependence of which was not 
calculated.
The results from both increasing and decreasing field . 
increments, in Figure 5*7 (a), for the Cadmium plated specimen 
define a single curve, which approaches the empirical reflation 
at low induction. A similar curve is defined by the data for 
the different surface conditions of the same specimen. These 
results are very similar to those presented by Vinen and Warren 
(1967). The resistivity calculated from the short time constant, 
~Y , is therefore taken as the flux flow resistivity, o (B),I \ Sf
of the bulk of the specimen.
5*3.4 The surface effect transient
Vinen and Warren (1967) noted that the transient response 
of PbBi alloy specimens did not follow a simple exponential law. 
They suggested that this anomalous behaviour was due to a 
combination of bulk pinning and of effects associated with the 
surface of their specimens. The results on 2 wt% Pbln have 
shown that the response can be analysed into a short lived 
exponential, characteristic of bulk flux flow, and a longer 
lived transient, dependent on surface condition.
The mechanism by which the longer lived transient response 
is produced will now be considered. Above H^, must be 
associated with the presence of a superconducting surface sheath. 
Persistent surface currents have been shown to be present in the 
mixed state of 2 wt% Pbln, and it seems reasonable to assume 
that the mechanism producing the longer lived transient in the 
mixed state is the same as that resulting in in the sheath 
state.
The way in which flux enters or leaves a soft, low f< , type 
II superconductor has been discussed in Chapter 4. It has been 
shown that this process involves the movement of flux spots 
along the surface of a specimen, and that these may be pinned at 
sites which make their free energy a minimum. Before flux can 
enter or leave a specimen, the pinned array of surface flux 
spots must be set in motion. According to the model developed 
in Chapter 4, the necessary driving force is produced by the 
persistent surface currents associated with the out-of-equilib- 
rium induction. At any point on the major hysteresis loop, in 
the mixed state, the surface flux spot array is in a critical 
state. Once the driving force has exceeded the pinning force, 
as a result of an incremental field change, the flux spots will 
be set in motion, but the penetration or expulsion of flux may 
be delayed by the viscous motion of flux spots along the surface 
of the specimen, analogous to the viscous motion of fluxoids in 
the bulk.
The 'time constant' of the longer lived transient, , at 
a particular D.C. field, is dependent on surface condition. As 
it is thus unlikely that bulk pinning is involved, one possible 
mechanism for the longer lived transient is the viscous motion 
of flux spots along the surface of the specimen.
5.4- A discussion of frequency effects
The frequency effects in the ji? and ji" transitions, as 
shown in Figure 5*3 (&)» a^d in the waveforms and minor 
hysteresis loops, as shown in Figure 5*3 (h), will now be 
discussed. It has been established that the maximum field 
change that can be shielded from the bulk of the specimen, in 
the mixed state, is frequency independent within the range 
23 cps to 256 cps. Frequency effects are evident only during 
those parts of the A.C. cycle when flux enters or leaves the 
specimen. *
The density gradient of flux lines moving into the bulk of 
a type II rod specimen is given by s
^  It  = + f4
where ^ ^ is the viscous force, and ^ p the pinning force 
per unit length of a flux line. Ullmaier (1966) has shown that 
when :§> , for hard type II materials, values for the bulk
critical current density, measured by an A.C. technique similar 
to that reported in this chapter, are independent of the 
frequency of the A.C. field ( up to 8 Kcps ). The marked 
frequency effect noted with 2 wt% .Pbln, a soft type II super­
conductor, implies that is comparable with, if not much 
greater than, ^ • In view of the well-defined flux flow
resistivity data, it is thought that in the well-
annealed single crystal specimen.
The minor hysteresis loops in Figure 5-3 (b) were photo­
graphed with H = 733 oe. At the flux density corresponding to 
this field, the flux flow time constant 'V| = 160 jusecs, and the 
surface effect time constant T* ^  400jasecs. Flux entered the 
specimen during about 1/6th of the A.C. field cycle, a time
equal to 1300 jisecs at 128 cps, which is nearly an order of 
magnitude greater than 'T, . Frequency effects were observed 
down to at least 32 cps, and it is clear that these cannot be 
fully accounted for by the viscous motion of fluxoids in the 
bulk.
Rollins and Silcox (1967) have studied the A.C. response
of 2 wt# Rbln above H^. They define a critical surface current
J , up to which the bulk can be completely shielded from flux o
changes, and a maximum screening current J >  J . They founds c
that J was much more frequency dependent than J , so that the s c
frequency effect was most apparent during those parts of the * 
cycle when the field began to enter or to leave the bulk of the 
material. Rollins and Silcox have discussed the A.C. response 
in terms of transitions between low free energy states, and they 
suggest that the frequency effect arises from a finite 
relaxation time for transitions between these states.
The bulk flux flow time constant, T  , is too short to 
account for the observed frequency effects. "T is at least a 
factor of two greater than "T, , and the mechanism producing the 
former, possibly the viscous flow of surface flux spots, will be 
responsible for a greater frequency effect than that producing 
the latter.
The mixed state frequency effects are thought to be due, 
primarily, to the viscous motion of surface flux spots, rather 
than to a finite relaxation time for transitions between low 
free energy states.
5*5 Anomalies in the A.C. response
Anomalies in the A.C. response have been observed with 
certain surface conditions of the 2 wtJo Pbln specimen. These
have taken the form of irreversibilities in the ji' and jjl5! 
transitions, and the simultaneous appearance of flux jumps on 
the waveforms.
5*5*1 Irreversibilities in the ji8 and jii? transitions
Figure 5*8 (a) shows and ji™ transitions, for both 
increasing and decreasing D.C. fields, for the 2 wt% Pbln 
specimen with an electropolished (pitted) surface• Similar 
irreversibilities in the A.C. response were also observed for 
the electroetched specimen, and for the chemically polished 
specimen. The microscopic nature of these surfaces has been 
examined in Chapter 4; they have been found to'produce the 
greatest surface flux spot pinning of the surfaces studied.
The magnetisation curve for the electropolished (pitted) 
specimen is shown in Figure 5*8 (b). The width of the major 
hysteresis loop, A H m , and the maximum A.C. field that could be 
shielded from the bulk of the specimen, 2|ho|c, in both 
increasing and decreasing D.C. fields, are also shown in this 
figure. ( and 2|h0|0 have been defined in Chapter 3 )
The irreversibility in the ji% and jiu transitions is associated 
with the different values of 2 J hQ|c obtained in increasing and 
decreasing D.C. fields. (2 JhQ| c)pnc was but the
curve for (2|hQ| c)^ec is probably an upper limit, as deviations 
from diamagnetic behaviour were much more gradual than in 
increasing fields.
Ullmaier and Gauster (1966) found that, for specimens of 
43% Pbln and 2.5% NbZr, the lengths of the diamagnetic portions 
of mixed state minor hysteresis loops were independent of the 
direction of field.sweep, when plotted.against the upper field 
limit of the diamagnetics. A similar behaviour was found for -
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those surface conditions of the 2 wt# .Pbln specimen which did 
not exhibit an anomalous A.C, response ( see Chapter 3 )* 
However, for the electroetched and the chemically polished 
specimen, surface conditions leading to an anomalous A*C. 
response, diamagnetic lengths in decreasing field, from the 
increasing field magnetisation curve, were found to be longer 
than those plotted in increasing field, from the decreasing 
field magnetisation curve.
An irreversibility in the and jxu transitions was 
observed only at fields where the hysteresis width was greater
than 2 hQ| . The upper field limit of the irreversibility
corresponds closely to the field at which = 2 h . The o
decreasing field response continues to exhibit anomalous 
behaviour down to a field approximately equal to the calculated 
value for H p  namely 350 oe.
The reversible magnetisation curve for the 2 wt% Pbln 
specimen, deduced from the results for the Cadmium plated 
specimen, has been drawn into Figure 5*8 (b) i). For the surfac 
conditions that did not exhibit anomalous behaviour, the 
reversible curve lay roughly symmetrically between the boundarie 
of the major hysteresis loop. In the magnetisation curves of 
the specimen with surface conditions that produced anomalies, 
the reversible curve lay closer to the decreasing field boundary 
of the major hysteresis loop. The specimen thus exhibits less 
magnetic irreversibility in decreasing fields than in increasing 
fields. A possible explanation for this will be given in the 
next subsection.
5.5*2 Flux jumps
The mixed state M waveforms, for the specimen surface 
conditions which exhibited irreversibilities in the y} and 
transitions, showed flux jumps on that part of the A.C. cycle 
where flux was being expelled from the specimen. Typical M 
waveforms are shown in Figure 5«9> for the chemically polished 
specimen at four different frequencies of the A.C. field. These 
waveforms can be compared with those for surface conditions 
which did not exhibit anomalous behaviour ( see Figures 5*1 an(i
5.2 ). Flux jumps were observed throughout the mixed state, but 
not above H^, and they appear most pronounced at low frequencies 
of the A.C. field. The flux jumps could not be seen on the 
minor hysteresis loops, as, presumably, they were smoothed out 
by integrating the waveforms.
Rollins and Silcox (1966) have reported an observation of 
similar flux jumps on B waveforms, occurring only during that 
part of the cycle where flux flowed out of an 8 wt% Pbln specimen. 
They proposed an explanation in terms of thermal effects.
According to Otter and Solomon (1966), a surface at which • 
fluxoids are created will be cooled, leading to an increase in 
local flux pinning barrier strengths, whereas a surface at which 
fluxoids are destroyed is heated, leading to a decrease in 
pinning barrier strengths, Rollins and Silcox suggested that 
the latter situation is unstable, giving rise to the observed 
flux jumps•
The pinning barriers may be associated with sites of low 
free energy for surface flux spots. In decreasing field, a 
heating effect, possibly due to dissipation of the free energy 
of the expelled fluxoids, would lower the flux spot pinning
Figure 5*9 M waveforms with 2 jhQj = 55 oe., Hdo = 955 oe., 
for the chemically polished 2 wt% Pbln specimen.
barrier strength. This is an unstable situation which would 
lead to the sudden expulsion of bundles of flux. In increasing 
field, a cooling effect would raise the flux spot pinning 
barrier strength. Since this is a stable situation, the entry 
of flux would be controlled by the viscous: motion-of flux spots, 
leading to a smooth waveform.
A lowering of the strength with which the flux spots are 
pinned, in decreasing field, would reduce the driving force 
necessary to set the flux spot array in motion. Conversely, the 
necessary driving force in an increasing field would be 
increased. If the magnitude of the surface currents is a 
measure of the driving force necessary to set a surface flux 
spot array in motion, as was suggested by the model in 
Chapter 4, then thermal effects should result in a smaller 
magnetic irreversibility in a decreasing field than in an 
increasing field, compared with the reversible magnetisation 
curve. This has been observed for the surface conditions which 
exhibited flux jumps on the waveforms, and irreversibilities in 
the ji' and^i” transitions, as mentioned in the previous section.
The surface conditions which exhibit a ’normal’ A.C. 
response, do not have flux jumps on the waveforms. It is not 
clear why these surfaces, which have lower surface flux spot 
pinning barrier strengths, are not affected by possible thermal 
effects. The waveforms indicate that both penetration and 
expulsion of flux take place by the viscous motion of flux spots. 
There is possibly a difference in the nature of the pinning 
barriers produced by the various chemical surface treatments.
5°6 The sheath state response
The magnetisation of the 2 wt% Pbln specimen, in the sheath 
state, has been measured for various surface conditions. The 
magnetisation, measured from the waveforms and the minor 
hysteresis loops, is shown in Figure 5-10 as a function of field, 
close to HQ2 , for six different surface conditions of the 
specimen. The sheath state magnetisations are compared with the 
theories of Abrikosov (1964), labelled A, Park (1965), labelled 
PI and PI^ referring to the predicted paramagnetic and 
diamagnetic critical surface currents, Fink and Barnes (1965)» 
labelled F & B, and Park (1966), labelled PII. These theories 
have been discussed in Chapter 1.
The frequency effect on the sheath state magnetisation has 
been studied within the range 25 cps to 256 cps. It was found 
that the zero frequency magnetisation could be obtained from the 
measurements at 64 cps by multiplying by a factor of between 
0.87 and 0 .9 2 , depending on the surface condition of the 
specimen. The results in Figure 5*10 refer to the extrapolated 
zero frequency sheath state magnetisations.
It has usually been found that the experimentally determined 
sheath state magnetisation is smaller than that predicted by the 
F & B and PII theories ( see, for example, Rollins and Silcox 
(1967) and Akhmedov and Karasik (1967) For the 5 mm 2 wt$ Pbln 
specimen, however, the measured magnetisations lie considerably 
above the F & B and PII theories, and the largest, for the 
chemically polished surface, is only a factor of six less than 
that of the Abrikosov theory.
The expressions for the magnetisation predicted by the 
F & B and PII theories, include an inverse proportionality to
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R' , where R is the radius of a cylindrical specimen. Akhmedov 
and Karasik measured the sheath state magnetisation of a 0.4 mm 
diameter specimen, and Rollins and Silcox used specimens that 
were about 1 mm in diameter. The sheath state magnetisations 
found in these results are comparatively large because of the 
larger ( 5 nun ) diameter of the specimen.
Rollins and Silcox (1967) mentioned that the theoretical 
predictions are probably irrelevant to the experimental 
situation, in which flux enters or leaves a specimen by the 
movement of flux spots along the surface. Flux jumps in the 
mixed state waveforms, and irreversibilities in the and ji" 
transitions, were observed for the chemically polished, electro­
polished (pitted), and electroetched specimens. These surfaces 
have the largest sheath state magnetisations. The flux jumps 
were most pronounced in the chemically polished specimen ( see 
Figure 5.9 )* and least so in the electroetched specimen. If 
flux jumps are indicative of strong surface flux spot pinning, 
then the results suggest that the sheath state magnetisation is 
a measure of the strength with which flux spots are pinned.
This idea is supported by the observations that the electro­
polished (pitted) surface, which produces a large sheath state 
magnetisation, leads to large axial magnetisation gradients 
( see Chapter 4 ), and that the electropolished (smooth) surface, 
which produces the smallest sheath state magnetisation, leads 
to comparatively small axial magnetisation gradients.
Surface flux spot pinning has been discussed in Chapter 4, 
where it was suggested that a pinned array may be set in motion 
by the Lorentz force produced by the surface current associated 
with the out-of-equilibrium induction. In the sheath state, the
total surface current produces the driving force necessary to 
unpin a flux spot array. The correlation beween the magnitude 
of the sheath state magnetisations for the different surface 
conditions of the 2 wt% Pbln specimen with the strength with 
which flux spots are pinned, as measured by the magnitudes of 
the axial gradients of magnetisation, suggests that sheath 
state surface currents are generated only to provide the driving 
force necessary to move surface flux spots, and thus to allow 
flux changes in the bulk of the specimen.
CHAPTER 6
THE EFFECT OF STRAIN AT LIQUID HELIUM TEMPERATURES ON TYPE I
- SUPERCONDUCTORS, I s Pb, Sn and In
This chapter describes the effect of plastic strain at 
liquid helium temperatures on the magnetisation curves of the 
type I superconductors Pb, Sn and In. Similar experiments on 
Hg will be reported in Chapter 7* Experiments have been 
performed on single and polycrystalline specimens of the three 
metals, and a common effect has been found. This chapter is 
concluded with a discussion of the results in terms of a 
qualitative model.
6.1 The magnetisation curves of the unstrained specimens
Annealed specimens, 7 cms long and 2.5 nims in diameter,
were fixed into the tensometer, which has been described in
Section 2.5* Magnetisation measurements were taken first in
increasing field, after the specimens had been cooled in zero
magnetic field, then in decreasing field from above the critical
field H , and, finally, again in increasing field to above H_. c c
Experiments with Pb specimens were performed at 4.2°K, while 
for Sn and In the helium bath was pumped to a temperature of 
about 2.1°K. All magnetisation curves presented in this 
chapter have been normalised, so that the increasing field 
diamagnetic makes an angle of 45° with both the -4TTM and the 
H axes.
The increasing field magnetisation curves followed
completely reversible diamagnetic paths almost up to the narrow
intermediate state region, which, for specimens with a length
to diameter ratio of 28, lies between about 0.996H and H .c c
The shape of the decreasing field curves was found to be 
dependent on the rate with which the magnetic field was reduced 
through the critical field H . Figure 6.1 shows magnetisation 
curves for an unstrained Pb single crystal. The two decreasing 
field curves shown are those for a slow rate of field decrease 
through H (< 1 oe/sec), and for a fast rate of field decrease
G
through H_ ( ~  200 oe/sec). In the latter case, the field was
G
rapidly reduced to about 0.99H-, and then held at that value 
for some time before a magnetisation measurement was taken.
The field was then reduced slowly, in increments, to zero. 
Intermediate curves could be obtained by an intermediate rate of 
field decrease through H . Experimental tests indicated that 
there was a definite maximum negative magnetisation that could 
be obtained by slowly decreasing the field through H , and that
G
this could be reproduced by slowly cycling the field through H . 
Subsequent decreasing field magnetisation curves presented in 
this chapter are those for which this maximum negative magnet­
isation, just below H , has been obtained.c
Several workers have noted considerable time delays in 
type I superconductors for equilibrium conditions to be estab­
lished after a field decrease ( for example, Mendelssohn and 
Pontius (1956), and see Faber and Pippard (1955) )• Similar 
time delays, up to two minutes in some cases, were observed in 
the experiments reported here, both close to and well below H .
G
The magnetisation measurements presented in these results, 
including those for a fast rate of field decrease through H , 
were taken after equilibrium conditions had been attained.
Many investigators, for example Shoenberg (1956), have 
reported magnetisation curves for specimens of type I super-
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Figure 6*1 Magnetisation curves for an unstrained Pb 
single crystal specimen at 4*2°E*
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11) .st rate of field decrease through KL
conductors which were much more reversible than those for the 
unstrained specimens used in the experiments reported here. It 
can only be assumed that the handling, necessary to attach . 
grips, introduced damage into the bulk of the annealed specimens, 
and that this was responsible for the observed irreversibility. 
This will be discussed further in a later section,
6.2 The effect of strain on the magnetisation curves
The effect of strain at liquid helium temperatures on the 
magnetisation curves of the specimens, in both the loaded and 
the unloaded states, has been fully investigated. After the 
magnetisation curve had been plotted for an unstrained specimen, 
the latter was strained by about 2%. While the specimen was 
still in the loaded state, the magnetic field was. increased 
beyond H , and then decreased slowly, in order to obtain the 
maximum possible negative magnetisation in a field just below 
H . The magnetic field was then reduced slowly by small amounts, 
and the decreasing field magnetisation curve was plotted after 
equilibrium conditions had been attained. The increasing field 
magnetisation curve was then plotted from zero field, with the 
specimen retaining a small fraction of H as trapped flux.
After a magnetisation curve had been obtained for the 
specimen under tension, the load was relaxed and a magnetisation 
curve was plotted for the specimen in the unloaded state. The 
specimen was then strained by a further small increment, and 
the magnetisation curves plotted for the loaded and the 
unloaded states. The specimen was strained in increments, and 
magnetisation curves were plotted until either the load on the 
specimen exceeded about 20 Kgms, or the strain exceeded about 
30%.
6,2 o1 The Pb specimens
Decreasing field magnetisation curves for a loaded poly- 
crystalline Pb specimen, of mean grain size 1.5 mm, strained at 
4.2°K, are shown in Figure 6.2 (a). A difference between the 
decreasing field magnetisation curves for the loaded and for 
the unloaded specimen, at a particular strain, was noted. The 
elastic strain, which is small compared with the permanent 
deformation, will be ignored. Figure 6.2 (b) shows decreasing 
field curves for the same Pb polycrystal, in the loaded and 
unloaded states, at a strain of 13-5% Figure 6.2 (b) also 
shows the decreasing field curve for the unloaded specimen, 
plotted after a rapid rate of field decrease through Hc. The 
difference between the decreasing field curves for a rapid and 
for a slow rate of field decrease through H becomes more marked 
as strain decreases the hysteresis in the magnetisation curve.
In order to illustrate the changes in hysteresis with 
strain, it is convenient to define an irreversibility factor I s
I = i - % x 100%
where -4TTM^ is the maximum magnetisation in decreasing 
field, and -4TTM^ is the maximum magnetisation in increasing 
field, when the specimen contains no trapped flux. -47TM^ was 
deduced as the actual maximum magnetisation in increasing field, 
plus the remanent magnetisation in zero field (the trapped'flux).
Figure 6.3 (a) shows the change in irreversibility factor,
I, with strain, for the Pb specimen, the magnetisation curves 
of which are shown in Figure 6.2. An indication of the stress 
required to produce a particular, strain of the specimen is given 
by the supplementary non-linear stress scale, below the linear 
strain scale. The stress was calculated by dividing the load
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The effect of strain at 4.2°K has been studied with two 
single crystal specimens of Pb and with five polycrystalline 
specimens with mean grain sizes from 0 . 1 5 mm to 2. mm.
Figures 6.3 (b) and (c) show the change in irreversibility 
factor with strain for a single crystal Pb specimen, and for a 
polycrystalline Pb specimen of mean grain size 0.3 mm.
There appears to be no systematic difference between the 
results for polycrystals and for single crystals. Most 
specimens exhibit a small increase in hysteresis, or in 
irreversibility factor, as a result of the first small 
increments of strain. Larger strains produce a gradual 
decrease in hysteresis, until the specimens become almost 
completely reversible, in the loaded state, at strains which, 
for Pb, vary from 10 to 20%. A few specimens retained a small 
irreversibility, less than 10%, which remained unchanged with 
further deformation. This was thought to be due to an inhomo- 
geneous deformation along the length of these specimens. The 
measurements sensed the magnetisation of a central region of 
the specimens, and if, at high strains, the specimens deformed 
preferentially near their ends, no further change in hysteresis 
would be noted.
In all cases it was found that the change in hysteresis 
from that of the unstrained specimen, due to an increment of 
strain, was greater when the specimen was under tension than 
when the tension was relaxed.
6*2.2 The In and Sn specimens
Experiments were performed with one single crystal, and 
with two polycrystalline specimens of In. Figure 6.4 (a) shows
the change in irreversibility factor with strain, for the single 
crystal specimen, in both the loaded and the unloaded states. 
Both polycrystalline specimens yielded similar results.
Straining the In specimens, up to about 10%, produced a small 
increase in hysteresis. Further deformation then decreased the 
hysteresis until the specimens became almost completely 
reversible at strains of about 25% .in the loaded state, and 
about 30% in the unloaded state.
Magnetisation curves of polycrystalline Sn could only be 
obtained for unstrained specimens. Sn is brittle at liquid 
helium temperatures, and attempts to strain the polycrystalline 
metal resulted in breakage along grain boundaries over a cross- 
section of the specimens. However, one single crystal of Sn 
was successfully strained up to 8% before breakage;
Figure 6.4 (b) shows the change in irreversibility factor with 
strain for this specimen. The first increment of strain 
produced a decrease in hysteresis, and the specimen became 
almost completely reversible, in the loaded state only, before 
it broke.
6.2.3 Effects common to the three metals
The decreasing field magnetisation curves, at a particular 
strain, were plotted first with the specimen under tension and 
then with the tension relaxed. The two curves could be 
reproduced reasonably well by subsequently reloading and 
unloading the specimen, provided that it was driven into the 
normal state after each change in load. After the magnetic 
field had been reduced below the critical field H , changing 
the load on the specimen did not produce any change in magnet­
isation. Decreasing field magnetisation curves intermediate
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I (%)
10'
80
o Loaded specimen60
+ Unloaded specimen
20
0
JO Strain■($)2010
0 50 100 150 200 250 Stress (Kgm ciif4-)
100
10 155  Strain {%)
0 100 150 200 250 — pStress (Kgm cm
Figure 6.4 The change in irreversibility factor with 
strain for :
(a) In single crystal at 2.12°K
(b) Sn single crystal at 2.1I°K
between those for the specimen in the loaded and the unloaded 
states, could be obtained after reducing the load from that 
required to produce the previous increment of strain.
Hysteresis in the magnetisation curves of all the specimens 
tested could be reduced considerably by a strain at liquid 
helium temperature. For some of the specimens, a sufficiently 
high strain produced decreasing field magnetisation curves that 
were indistinguishable from the increasing field curves. More­
over, as strain decreased the hysteresis, it also decreased the 
trapped flux retained in zero field. Magnetisation measure­
ments could not detect any trapped flux in those specimens that 
were induced to become completely reversible.
Supercooling fields, no lower than 0.99H_, evident in ac
few of the specimens, did not affect the experimental results.
6.5 The effect of an anneal at room temperature
After a polycrystalline Pb specimen had been strained at 
4.2°K, and almost complete reversibility had been induced, it 
was allowed to warm up to room temperature for 12 hours. The 
specimen was not removed from the tensometer or touched in any 
way during this anneal. It was then recooled to 4.2°K and a 
complete magnetisation curve plotted. The specimen was found 
to have an irreversibility factor of about 50%, characteristic 
of unstrained polycrystalline specimens. Subsequent strain of 
this specimen decreased the hysteresis in the magnetisation 
curve in a manner similar to the original experiment. Other Pb 
specimens, which had been strained at 4.2°K and then allowed to 
anneal at room temperature for about 12 hours, were found to 
have recrystallised, and to have a mean grain size of about 
0.2 mm. The annealing experiment was repeated with another Pb
specimen, and similar results were found.
The effect of strain, and of an anneal, on the magnet­
isation curves of the specimens will be discussed in 
Section 6.5.2.
6.4 Changes in H *  and in the residual resistivity of Pb  cp-----------------------------------—— •
with strain
6.4.1 Changes in EQ^
The distinction between type I and type II superconductors,
in terms of the Ginzburg-Landau parameter l< , has been discussed
in Chapter 1. The surface nucleation field EQ  ^ = 1.695HC2® is
greater than the thermodynamic critical field H if K > 0.417*
Pb is a superconductor with.a l< value such that EQ  ^ is very
close to H . Druyvesteyn, Van Ooijen and Berben (1964), and
Druyvesteyn (1965) have reported that H * can be made to appearcp
above H , at 4.2°K, by low temperature deformation.or by low 
temperature neutron irradiation of Pb specimens. The changes 
in were found to anneal out below room temperature. The 
results of Shaw and Mapother (I960), in which the hysteresis in 
the superconducting to normal state transition of Pb was 
increased by strain at liquid helium temperatures, can be 
interpreted similarly.
The appearance of EQ  ^above Hc was noted in the experiments 
with Pb specimens reported in this chapter. The changes in EQ  ^
were followed by observing the response of the specimens to a 
small,, low frequency A.C. field, superimposed on the D.C. field. 
Any sheath state response was apparent in the M or B waveforms, 
examples of which have been shown in Chapter 5 ( see Figure 5*1 ) 
No evidence of EQ  ^> Hc was found for any of the unstrained
Pb specimens at 4.2°K. The first appearance of EQ  ^above IIC
was observed at strains of between 2 and 5%« At the highest
strains possible, about 15% for the polycrystalline specimens,
was located at about 1 .15HC.
The changes in H - could be annealed out at roomcp
temperature; no evidence of EQ  ^> HQ was found when the 
recrystallised specimens were recooled to 4-.2°K. Subsequent 
strain again caused EQ  ^to appear above H c *
Observation of the M waveforms for Sn and In specimens 
showed that strain, at.'about 2*10°K, did not cause EQ  ^to appear 
above .C
6.4-.2 The change in residual resistivity with strain
The residual resistivity of a polycrystalline Pb specimen, 
of mean grain size 0.2 mm, was measured by a method similar to 
that described in Section 2*7*2* A 250 turn search coil, 
connected to an oscilloscope, was wound onto a thin-walled 
glass tube into which the specimen was placed before being 
fixed into the tensometer. After the magnetisation measuring 
coils had been removed from the apparatus, an auxiliary field 
coil was wound onto the lower end of the outer brass tube of 
the tensometer. At 4-.2°K, the Pb specimen was driven into the 
normal state by a field equal to about 2 H  • The transientG
response from the search coil was displayed on the oscilloscope 
and photographed after a small increment of field, 52 oe., 
produced by the auxiliary field coil, had been switched off.
Transient responses were photographed first for the 
unstrained specimen, and then after each increment of strain, 
for the specimen in both the loaded and unloaded states.
Several transients were photographed at each state. Values for.
the normal state resistivity of the Pb specimen were deduced 
from the time constants of the exponential transients ( see 
Section 5.3-2 ) s
o =  17
' T
where is the normal state resistivity (in microhm cm.)
R is the radius of the specimen (in cms.)
and T is the transient time constant (in millisecs.)
The reduction in cross-sectional area of the specimen with 
strain was calculated by assuming no volume change. The 
variation of normal state resistivity with strain, in both the 
loaded and the unloaded states, is shown in Figure 6.5* The 
two sets of points, for the specimen under tension and with the 
tension relaxed, are distinct, but neither lie on a well- 
defined curve,even allowing for experimental error indicated by 
the error bars in the diagram. The change in normal state 
resistivity, like the change in magnetic hysteresis, is greater 
for the specimen under tension. The difference in normal state 
resistivity between the loaded and the unloaded states, at a 
particular strain, could be approximately reproduced by cycling 
the load on and off the specimen.
6.4.3 Relationship between changes in residual resistivity
and H^ -z  c3
Goodman (1962), following the work of Gor*kov (1939)* 
showed that the Ginzburg-Landau parameter, 1C , for an impure 
or deformed metal could be related to the value for the pure 
metal, VC0 , by §
-3 y
K = K  „ +  7 - 5  * IO X * %
where p is the residual resistivity (in microhm cm.), and
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Figure 6.5 The change in normal state resistivity with 
strain, at 4.2°Kt of a polycrystalline Pb 
specimen of mean grain size C.2 ium.
% is the coefficient of electronic specific heat.
Van der Hoeven and Keesom (1965) found that X was equal
to 1700 ergs cnT^ °K”^ for pure Pb. Reported values of K c for
pure Pb, at 4.2°K, range from 0.58 ( Strongin et.al. (1964) ) to
0.42 ( McEvoy, Jones and Park (1967) )• The above expression
is strictly valid only for T ~  T , but can be used for thec
rough calculations here.
y
Measurements on a polcrystalline Pb specimen showed that a 
15% strain, at 4.2°K, produced an increase of about 17% in the 
normal state resistivity of the unloaded specimen. A larger . 
increase, about 25%» was noted when the specimen was under 
tension. The increases in resistivity, see Figure 6.5* have 
been calculated to correspond to increases in the K value, 
equal to 0.001 for the unloaded specimen and to 0.0015 Tor the 
loaded specimen.
A value of H equal to 1.L5H , as observed for theGy C
heavily strained Pb specimens, requires K = 0.48. Since no
evidence of EQ^ > Hc was found for the unstrained Pb specimens,
|< must have been less than 0.417* The observed changes in Hc^
therefore indicate an increase in the l< value of at least 0.06,
which is much greater than the changes in K deduced from the
resistivity data. It is evident that the changes in cannot
be accounted for by the measured changes in residual resistivity.
For an increase in Hc ,^ it is only necessary for the
resistivity of a specimen to be increased in a surface layer of
the order of the coherence length thick. The measured changes
in resistivity and the observed changes in H *  are compatible
op
only if the strain, at 4.2°K, produced an inhomogeneous 
distribution of defects, such that the density was much greater
near the surface than in the bulk of the specimen:.
The observation that the normal state resistivity of the 
strained Pb specimen was greater when it was in the loaded 
state than when it was unloaded, indicates that the defect 
distribution in the bulk must have been considerably different 
in the two conditions. A specimen under tension would contain 
many piled up groups of dislocations and bowed dislocations, 
some of which would relax when the tension was released.
6 . 5  Discussion
6.5-1 The nucleation and propagation of the superconducting 
phase
Faber (1952,1954), in a study of supercooling, found that
the superconducting phase nucleates at an extended defect near
to the surface of a specimen, and that, having nucleated, it
spreads rapidly along the surface. The superconducting phase
1
found no difficulty in nucleating in the specimens use*'for the
experiments reported in this chapter5 few specimens exhibited
any noticeable supercooling.
The propagation of the superconducting phase into the bulk
of a specimen is a slow process, as shown by the considerable
time delays, after an incremental field decrease below H ,c
before equilibrium conditions are attained. Faber and Pippard 
(1 9 5 5 ) have shown that an expanding superconducting region has 
an unstable boundary. The superconducting phase therefore 
propagates into the bulk in an irregular manner, in the form of 
thin sheets parallel to the applied field direction.
If the magnetic field is to be expelled from a specimen, 
and not remain trapped, the superconducting sheets must not
form a multiconnected network. Faber and Pippard have discussed 
the possibility of the coalescence of superconducting regions, 
such as the closing jaws of a sheath. They argued that a 
potential barrier would prevent coalescence, unless the range of 
coherence was reduced so that it was comparable with the 
penetration depth, because n the increase of the Gibbs function 
due to expulsion of flux might outweigh the decrease due to 
electronic condensation Faber (1958) has presented powder 
patterns of the intermediate state in discs of Al, which show 
that adjacent superconducting regions do not coalesce, even in 
zero field.
Faber and Pippard (1955) have suggested that the observed 
time delays can be accounted for if flux leaks through gaps in
a superconducting sheath or mesh, whose widths are of the order
—4of 10 cms.
6.5.2 The experimental results
Experiments on the effect of strain at liquid helium 
temperatures on the magnetisation curves of the type I super­
conductors Pb, In and Sn have produced rather unexpected 
results. The experimental results are examined in this sub­
section, in an attempt to find an explanation for the effects 
observed. It must be emphasised, however, that no complete 
explanation has been found, and that much of what follows is of 
a rather speculative nature.
Unstrained specimens with irreversible magnetisation 
curves have been made to exhibit almost complete reversibility 
by a sufficiently high strain at liquid helium temperatures. 
Hysteresis could be reintroduced into the magnetisation curves 
of the strained specimens by an anneal at room temperature,
during which the material recrystallised. Subsequent strain at 
low temperature again decreased the irreversibility. This 
indicates that the defects produced by the liquid helium 
temperature strain are responsible for the changes in hysteresis. 
The observation that the specimens in the loaded state exhibited 
a higher degree of reversibility than when they were unloaded, 
suggests that the defect configuration in the loaded specimens 
is particularly favourable for the expulsion of flux, as the 
field is reduced below H .
The explanation of the effects observed must lie in the 
way in which the superconducting phase propagates into the bulk 
of the specimens just below the critical field H . A super- 
conducting - normal phase boundary in a type I material has a 
positive surface energy, and it seems likely that the thin 
superconducting sheets will propagate into regions which make 
their surface energy a minimum. These regions would have a 
lower electronic mean free path than the surrounding material, 
and would include regions with a high density of defects. It 
is suggested that groups of defects, such as pile-ups and cell 
walls of dislocations, provide paths along which the super­
conducting phase can propagate preferentially.
The reason for the unstrained specimens exhibiting more 
hysteresis than the specimens used by some other investigators 
will be discussed shortly. Low temperature strain may have 
produced a decrease in hysteresis because an increased number of 
paths along which the superconducting phase could propagate 
preferentially were produced within the specimens, leading to a 
more complete expulsion of flux. The configuration of defects 
in the specimens under tension should be particularly effective
in reducing the electronic mean free path in local regions., and 
thus in providing vlow energy’ paths for the propagation of the 
superconducting phase* At high strains, the separation of cell 
walls or pile-ups of dislocations could become comparable with 
the coherence length of the superconducting phase* Under these 
conditions, the superconducting phase might not propagate along 
individual ’low energy* paths, but might expand more uniformly, 
leading to a much more complete expulsion of flux*
In the unstrained specimens, at least 40% of the field was 
retained just below H . This field could only have been weakly 
trapped, as most of it was expelled from the specimens as the 
external field was reduced to zero. Experimental evidence was 
obtained which indicated that, as the specimens were strained, 
the decreasing fraction of flux retained just below Ik was more 
firmly trapped. In Figure 6.2 (a), the magnetisation curves 
for a Pb polycrystal exhibit a region where there is little 
change in flux density with decreasing field. This region is 
small for the unstrained specimen, but increases as the specimen 
is strained. At a strain of 13-3%* for the loaded specimen, 
little expulsion of flux occurred from just below H to a fieldC/
equal to about 0.4KC.
The fact that little flux was trapped in zero field, even 
in the highly strained specimens, indicates that approaching 
superconducting regions do not coalesce to create multiconnected 
networks. According to the thermodynamic considerations used 
by Faber and Pippard (1955)> the equilibrium separation of two 
superconducting regions is roughly equal to the sum of their 
coherence lengths. The reduction of the electronic mean free 
path in the strained specimens would produce a reduction of the
coherence length, and would thus cause a narrowing of gaps 
between adjacent superconducting regions. The shape of the 
decreasing field magnetisation curves of the strained specimens 
could be explained by supposing that a persistent current can 
bridge a narrow gap between superconducting regions, without 
causing coalescence. If the magnitude of any current that 
could bridge a normal gap increases as the gap width decreases, 
then, as a specimen is strained, the value to which the 
external field has to be reduced to allow the trapped flux to 
leak out of the specimen decreases, as observed experimentally. 
The mechanism for the supposed bridging currents is obscure; 
they could be due to the tunnelling of a supercurrent across 
the normal gap, or to proximity effects, or to a combination of 
these mechanisms.
It has been mentioned that many experimenters have 
reported magnetisation curves for type I superconductors which 
are much more reversible than those for the unstrained 
specimens in these results. Hitherto, magnetic reversibility 
appears to have been achieved only by taking great care with 
the preparation of specimens to ensure a minimum defect content. 
These materials probably exhibit reversibility because gaps 
between propagating superconducting sheets are wide enough to 
allow the unrestricted expulsion of flux in a field just below 
H o  Flux was trapped in the unstrained specimens used in this 
investigation, just below H , possibly because gaps between 
superconducting sheets were narrowed sufficiently, in regions 
of reduced electronic mean free path, to allow small persistent 
bridging currents to flow. If an undeformed single crystal 
specimen could be inserted into the apparatus, it would
probably exhibit a high degree of reversibility, as observed by 
other workers. It is suggested that a small strain at liquid 
helium temperatures would produce an increase in hysteresis, 
while further strain would produce the effects noted in these 
experiments. Many of the specimens did, in fact, show an 
increase in hysteresis as a result of the first increments of 
strain. The recrystallised specimens exhibited a similar 
irreversibility to the unstrained specimens because, presumably, 
they also had regions of reduced electronic mean free path, 
which might have caused flux to be weakly trapped by the flow 
of a small persistent current across narrow gaps between super­
conducting regions.
There appears to be no correlation between the dependence 
of the irreversibility factor on strain and the crystalline 
nature of the undeformed material. The explanation for 
reversibility being induced by different strains for the three 
metals studied, 8% for Sn, 10-20% for Pb, and 25-30% for In, 
probably lies in the different ways in which these metals 
deform under a tensile stress. As the nature of the deform­
ation processes is unknown, no explanation can be attempted.
6.5.3 Conclusions
A qualitative explanation has been presented for the 
effects observed, in terms of the way in which the super­
conducting phase propagates into the bulk of a specimen. The 
extended defects produced by a liquid helium temperature strain 
aid the propagation process, especially when a specimen is 
under tension, and, at sufficiently high defect densities, can 
lead to the complete expulsion of flux.
Type I superconductors appear to exhibit magnetic 
reversibility in two completely different situations. Firstly, 
when a specimen is well-annealed and has a very low density of 
defects, not observed in these results, and secondly, when a 
specimen is heavily strained and has/Vhigh density of defects.
It must be admitted that the explanation presented for the 
effects observed is rather speculative. The complex nature of 
the propagation of the superconducting phase seems to preclude 
any quantitative treatment or an experimental test of a 
qualitative model.
CHAPTER 7
THE EFFECT OP STRAIN AT LIQUID HELIUM TEMPERATURES ON TYPE I
SUPERCONDUCTORS, II ; Hg
The effect of strain on the magnetisation curves of the 
type I superconductors Pb, Sn and In has been reported in 
Chapter 6. An extensive experimental investigation was first 
carried out with specimens of Pb, and, in order to find out 
whether the observed effects were of a general nature among 
type I superconductors, similar experiments were carried out 
with specimens of Sn, In and Hg. Sn and In were found to 
exhibit similar effects to those found with Pb, while Hg 
revealed a completely different effect.
The results on Hg indicate that a partial phase trans­
formation can be induced by strain at liquid helium temper­
atures, and that the product phase is distinct from the (3 
phase, first produced by Bridgman (1935) from oC Hg under 
very high pressures. The experimental results are presented 
in this chapter, followed by a discussion, and a report of 
the theoretical and experimental work carried out, by 
colleagues and others, to investigate the structure of the 
product phase, which has been labelled )£ , and the nature of 
the oC # phase transformation.
7>1 The effect of strain on the magnetisation curves
7-1-1 The shape of the magnetisation curves
Experiments were performed on single and polycrystalline 
specimens of Hg, 7 cms long and about 2.5 mms in diameter.
The magnetisation curves of the unstrained specimens were
similar to those found for unstrained specimens of Pb, Sn and 
In. Most of the Hg specimens were unavoidably deformed while 
being inserted into the apparatus, and this probably accounts 
for an irreversibility factor, defined in Section 6.2.1, of 
30 - 40% for the unstrained specimens.
With Pb, Sn and In specimens, strain at liquid helium 
temperatures produced a change only in the decreasing field 
magnetisation curves. In the case of Hg, however, a similar 
deformation produced a marked change in the shape of the 
increasing field magnetisation curves. Figures 7*1 (a) an(l (b) 
show the change in shape of the increasing field curves with 
strain, for a single crystal specimen at 2.16°K, and for a 
polycrystalline specimen at 2.19°K, respectively. Prior to 
plotting each curve, the magnetic field had been increased to 
a value greater than H , the critical field of oCHg, and then
Cot
reduced slowly to zero, leaving the specimens with a certain 
amount of trapped flux. All these magnetisation curves have 
been normalised, so that the low field diamagnetics make an 
angle of 45° with both the H and the -4TTM axes.
Experiments were performed on four single crystals and on 
two polycrystalline specimens. The two polycrystalline 
specimens gave similar results, one set of which is shown in 
Figure 7-1 (b). Of the four single crystal specimens, two 
yielded curves similar to those in Figure 7.1 (a)» but with 
less pronounced deviations from the low field diamagnetic, 
while the fourth gave results similar to those for the poly­
crystalline specimens.
The specimens, in each state of deformation, showed a 
small amount of magnetic irreversibility, and the decreasing
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'igure 7*1 Increasing field magnetisation curves for :
(a) A single crystal Hg specimen strained at 2,16°K, 
and subsequently annealed at about 77°K.
(b) A polycrystalline Hg specimen strained at 2.19°K
field magnetisation curves, not shown in the figures, had the 
same general shape as the increasing field curves,
A critical strain, which varied from 1 to 4% between 
specimens, appeared to be necessary to produce the first 
deviation from the diamagnetic path in increasing field. 
Strains up to this critical value produced a decrease in 
hysteresis in the magnetisation curves. This effect, similar 
to that noted with Pb, Sn and In specimens, suggests that Hg 
would conform with the other type I superconductors studied, 
but for the strain induced phase transformation.
The results obtained from all six Hg specimens had the 
following features in common s
a) At a particular temperature below T. , the transition 
temperature of c<Hg, the field at which the magnetisation 
dropped to zero remained constant. This field is H_ , the 
critical field of JL Hg s its temperature dependence agrees 
closely with the data of Schirber and Swenson (1961) ( see 
Figure 7*4- )•
b) At a particular temperature below I v, the transition
C o
temperature of )fHg, the field at which the strained
specimens first showed a deviation from their low field
diamagnetic behaviour also remained constant, independent
of. further strain. This field is identified with H^v, theCo
critical field of ft'Hg.
The ^ phase of Hg will be shown to be distinct from the 
phase, by having a different critical temperature and a 
different critical field curve.
7 *1•2 Trapped flux
It was found that, once the critical strain required to 
produce the first trace of the )( phase had been reached, 
subsequent strain produced an almost linear increase in the 
trapped flux in zero field. Figure 7*2 (a) shows the change 
in trapped flux in zero field as a function of strain, for the 
Hg polycrystal whose magnetisation curves are shown in 
Figure 7*1 (b). In order to measure the trapped flux after an 
increment of strain, the magnetic field was increased to a 
value greater than Hc^, and then decreased slowly to zero. 
Figure 7*2 (b) shows the stress - strain curve for the same Hg 
polycrystal, plotted during the course of the experiment.
The reduction in trapped flux with strain, below the 
critical value, is consistent with the behaviour noted with Pb, 
Sn and In specimens. No change in the shape of the increasing 
field magnetisation curves of the Hg specimens was noted in 
this region of deformation. In Figure 7*2 (a), it seems likely 
that the critical strain, for the formation of the first trace 
of the product phase, is that at which the dependence of 
trapped flux on strain changes sign. This strain coincides 
with that at which a knee was observed in the stress - strain 
curve. The critical strain varied from about 1 to 4% for 
different specimens, and was, in general, lower for the single 
crystal specimens. A knee in the stress - strain curves was 
observed only for the polycrystalline specimens, as the single 
crystals deformed at a much lower stress.
7.2 The effect of an anneal at about 77°K
After the single crystal specimen, whose magnetisation 
curves are shown in Figure 7-1 (&), had been strained 13.3%*
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Figure 7*2 Results for a polycrystalline Hg specimen
at 2.19°K:
(a) The trapped flux in zero field as a function 
of strain
(b) Stress ~ strain curve
it was left untouched in the cryostat for about 12 hours.
During this time, the liquid helium boiled off, and the temp­
erature of the specimen rose slowly to about that of the liquid 
nitrogen bath surrounding the helium dewar. After this anneal 
at about 7 7°K, the specimen was recooled to the same temper­
ature as that at which the magnetisation curves were originally 
plotted, i.e. 2.16°K. A magnetisation curve was then plotted 
without any further deformation of the specimen. The 
increasing field curve was identical to that for the unstrained 
specimen, showing perfect diamagnetic behaviour from zero field 
almost up to H . Moreover, the magnetisation curve showed aCot
high degree of reversibility, with very little trapped flux in 
zero field. The strain induced changes at liquid helium 
temperatures can thus be annealed out at a temperature below 
about 7 7°K.
7.3 The variation of H_v with temperatureC o
Three of the Hg specimens were cooled to a temperature
below T.before deformation. Magnetisation curves were then c $
plotted for a number of strains, at a constant temperature. 
Figures 7*1 (a) and (b) show the results for two of these 
specimens. The other three specimens were strained about 25 - 
50% at 4.2°K, above both T v and T . Magnetisation curvesC q c ©c
were then plotted at a number of temperatures, as the pressure 
of the helium bath was reduced. Figure -7.3 shows magnetisation 
curves at different temperatures, for a single crystal specimen, 
which had been strained 28% at 4.2°K. These results, and those 
for the other two specimens, were used to plot the variation of 
H and H with temperature. H was taken as the field at
C 0 CoC C«j(

which the magnetisation dropped to zero, and H v as the lowest
C o
field at which the magnetisation deviated from the perfect 
diamagnetic.
The experimentally determined values of H_v, for the six
C o
Hg specimens, are plotted against temperature in Figure 7*4- (&)•■ 
The variation of H , and H _ with temperature, as found byCot Cw
Schirber and Swenson (1961), is also shown in this figure.
The experimentally determined values of HCot are also shown, and 
are seen to agree fairly closely with the curve for oCHg. It 
can be seen that the points of form a curve which is
C o
distinct from that for ^Hg.
In order to estimate T v , the critical temperature, andC o
H , the critical field at absolute zero, for Hg, the values
O o
p
of H*v were plotted against T , as shown in Figure 7.4 (b).C J
The critical field curves of most type I superconductors can
be approximately represented by the parabolic dependence,
2
h = 1 - t , where h and t are the critical field and temp­
erature in reduced units. Schirber and Swenson (1961) have 
shown that the maximum deviation from this simple parabolic 
dependence, for ©C and Hg, is less than 2%. In view of the 
errors in determining it seemed reasonable to choose the
best straight line through the points of H„ v plotted against
C o
2 2 T , and to extrapolate it onto the T and H axes to obtain
values for T and H .
Co O o
T  ^and H were thus obtained and are compared with the c y o o
values for oL and Hg, as found by Schirber and Swenson (1961), 
in table 7 *1 *
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TABLE 7-1
ol Hg P5 Hg *Hg
Tc (°K) 4.153 ± 0.001 3-949 ±  0 . 0 0 1 3.74 ±  0.05
H0 Coe.) 412.0 ± 1 339-5 ±  1 300 ±  10
Figure 7-3 showed magnetisation curves, at a number of 
temperatures, for a specimen which had been strained at 4.2°E. 
It can be seen that, below T_v , the trapped flux in zero field
Co
increases with decreasing temperature. The inset in Figure 7*3 
shows the dependence of trapped flux on temperature. The 
points show a nearly linear dependence which, when extrapolated 
onto the T axis, yields a temperature which agrees closely with 
the value for Tcy obtained above. It therefore appears that 
appreciable flux is only trapped in the strained specimens, on 
reducing a field from above K. . belov^  the temperature at which 
X Hg becomes superconducting.
7.4 An estimate of the volume fraction of # Hg produced 
by strain
^ ^  An approximate experimental method
In fields below Hc ,^ the slope of the experimentally 
determined magnetisation curve is proportional to the total 
volume of the specimen. If, as a result of strain, a specimen 
was partially transformed from the oL phase to the phase, 
and had thick lamellae of the two phases running along the 
length of the specimen parallel to the magnetic field, then the 
magnetisation curve would be the sum of the curves for oC and 
Hg. The curve to be expected is shown in Figure 7.3 (a), 
and is compared with that obtained experimentally for a single
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crystal strained 3*5% at 2.16°K. In the ideal case, the slope 
of the magnetisation curve between H _ and H would beC 3 Co<
proportional to the volume of the untransformed oC phase.
Experimentally, the magnetisation curves between Hc^ and 
H are not linear, and no information can be gained from theCos
slopes. If, however, the field is decreased from above H_ toc©c
a field midway between H_, and H. , and then increased, asC ^  C 5
shown in Figure 7*5 (a), the magnetisation follows a linear
path almost until the increasing field curve is reached. The
slope of the linear portion, on reversing the direction of
field sweep, is proportional to the volume of the specimen
shielded from the changing magnetic field. This volume would
include untransformed ©£ phase material, and any X  platelets
completely surrounded by it. It is probable, however, that
only part of the remaining ©< phase would be shielded, owing to
field penetration into the V  regions. This will be discussed
further in Section 7*6.2. The slope of the magnetisation
curve, on reversing the direction of field sweep between HCe<
and H , should therefore give only a very rough estimate of c jr
the volume of untransformed oA phase.
An A.C. technique was used to measures the slopes of the 
diamagnetics. The Hartshorn bridge circuit, described in 
Section 2.2.1, was first balanced with the specimen in the 
normal state, in a field greater than HCoC. The A.C. field 
amplitude was then decreased and the D.C. field was reduced to 
a point midway between H and H_ . The M response of theCoC C (f
specimen was observed on the oscilloscope as the A.C* field 
amplitude was slowly increased. An undistorted sine wave 
corresponded to the response following a reversible diamagnetic
path. The A.C. field amplitude was fixed at that value which 
gave an undistorted sine wave of maximum amplitude. The B.C. 
field was then decreased to zero, and the amplitude of the 
sine wave at the same A.C. field amplitude was noted. The 
ratio of the amplitudes of the two sine waves gave the volume 
fraction of material shielded from the A.C. field between Hc ,^ 
and H . Assuming that the shielded material was the untrans- 
formed oC phase, the volume fraction of 't phase produced, as 
a function of strain, was estimated for the single crystal 
specimen whose magnetisation curves are shown in Figure 7*1 (a)* 
The results are shown in Figure 7*5 (b).
7.4.2 Optical examination of the specimen surfaces
After the single crystal specimen had been strained 1'3*3%> 
and after the annealing experiment, it was removed from the 
cryostat and examined, in a bath of cooled alcohol, under an 
optical microscope. Surface traces corresponding to the Y  
phase were clearly visible, and these appeared to cover about 
50% of the surface area. The traces were continuous around 
the specimen, and indicated that the phase had been produced 
in the form of ellipsoidal plates, about 50 - 100 microns 
thick, at an angle of about 30° to the specimen axis.
The A.C. technique, used to estimate the volume percentage 
of Y phase, gave a value of 76% at the final strain of 13.3%• 
Optical examination of the surface suggested that only about 
50% of the material had been transformed. It was therefore 
thought that, if the volume fraction scale in Figure 7-5 (b) 
was adjusted to give 50% by volume of Y  phase at a strain of 
13-3%* then the dependence of the percentage of phase 
produced as a function of strain would be more nearly correct
for that particular specimen. The adjusted scale is shown in 
Figure 7*5 (b).
The shape of the magnetisation curves, shown in Figure 
7*1 (a), indicates that the crystaliographic orientation of 
this specimen, unfortunately unknown, was particularly 
favourable for the Y  phase transformation.
7*5 The phase transformation temperature
It was found, from the annealing experiment, that the V 
phase, induced by strain at liquid helium temperatures, was 
transformed back to the oC phase at a temperature below about 
77°K. A standard method for locating phase transformation 
temperatures is to study the variation of electrical resistance 
of the material with temperature. In this way, Swenson (1958) 
found that p Hg was transformed back to the oC phase at 79°K.
In order to locate the temperature of the K phase
transformation, the resistance of two Hg specimens, which had 
been strained at 4.2°K, was measured as they warmed up. Hg 
single crystals, about 10 cms long and with a cross-section 
6 mms square, were grown by a method similar to that used for 
the cylindrical crystals# A specimen was fixed into a simple 
tensometer, which was designed by Dr. D.M.M. Guyoncourt, a 
colleague at the University of Surrey, to strain Hg crystals at 
4.2°K. Potential and current leads were attached to each end 
of the specimen by heating the ends of the wires and by pushing 
them into the surface of the material. The mercury was thus 
melted locally, and almost immediately resolidified around the 
wires, forming good electrical contact. A copper-constantan 
thermocouple junction was also attached directly into the 
specimen in a similar manner.
The specimen was strained about 30% at 4.2°K, and its 
resistance was calculated by measuring the potential across it, 
when an accurately known current was passed through it. The 
current, about 1 amp drawn from a high stability constant 
current power supply, was sufficiently low to avoid any heating 
of the specimen. The potential across the strained specimen 
was measured accurately with a Diesselhorst potentiometer.
The copper-constantan thermocouple, whose hot junction was at 
0°C, and whose potential was displayed on a digital voltmeter, 
was used to measure the temperature of the specimen.
After the specimen had been strained at 4.2°K, the liquid 
helium was allowed to boil off from the dewar containing the 
tensometer. The resistance of the specimen was then measured, 
as a function of temperature, as it warmed up. Figure 7*6 
shows the resistance against temperature plots for two 
specimens, which had been strained about 30% at 4.2°K. A 
definite step can be seen in the curves at a temperature of 
between 50 and 55°K, and this is associated with the X ©c 
phase transformation. Curves were plotted up to 100°K and no 
further steps were observed. From this observation, and from 
the effect of an anneal on the magnetisation curves of strained 
specimens, it is concluded that the phase is transformed 
straight back to the phase at 53 2°K.
7.6 Discussion
7.6.1 and X Hg
Mercury crystallizes into a rhombohedral structure, the 
oL phase. A phase transformation in Hg was first observed by 
Bridgman (1935)? above 200°K at pressures in excess of 10,000
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Figure 7*6 The resistances R(l) and R(2) of two Eg specimens, 
previously strained about at 4,2°K, as a 
function of increasing temperature*
atmospheres. Extrapolation of his data indicated that the 
transformation should be observed at zero pressure at about 
80°K. Barrett (1957) found that the phase remained 
unmodified, at atmospheric pressure, down to liquid helium 
temperatures.
Jennings and Swenson (1958) observed anomalies in the 
zero field superconducting transition of Hg under pressure, 
and Swenson (1958) showed that this could be understood on 
the basis of a transformation to the ^ phase, requiring 
pressure to initiate its formation. Swenson (1958) showed 
that the phase, once formed, was stable at atmospheric 
pressure below 79°K, and Atoji, Schirber and Swenson (1959) 
found that (^Hg had a body-centred tetragonal structure.
The V  phase of Hg can also be produced from o< Hg at 
liquid helium temperatures, not by pressure by a tensile 
stress. tfHg has been found to have a different critical 
temperature, and a different critical field curve to ^ Hg.
The ^ -5* o< transformation was observed at about 55°K, 
whereas the ^ transformation is observed at 79°H.
There is thus sufficient evidence to show that pHg and Hg 
are, in fact, distinct phases. Conclusive evidence would be 
provided by a determination of the crystal structure of the 
X  phase, and this has been attempted by J.S. Abell, a 
colleague at the University of Surrey. A report of his work 
will be given later in this chapter.
7.6.2 The shape of the magnetisation curves
Figure 7-5 (h) showed the shape of the increasing field 
magnetisation curve that one would expect for the ideal case 
of thick lamellae of the two phases, running along the length
of a specimen parallel to the applied field. Experimental 
magnetisation curves were considerably different, the closest 
approach to the ideal being for the single crystal whose 
curves are shown in Figure 7.1 (a). The curves for this 
specimen had a fairly sharp drop in magnetisation at H_v, •.
C o
showing that the magnetic field found little difficulty in 
penetrating the Y  regions. Magnetisation curves for the 
other specimens showed a more gradual deviation from the low 
field diamagnetic, above H0^. In these specimens, the 
magnetic field did not penetrate the Y  regions so readily, 
possibly because they made large angles with the specimen axes, 
or possibly because the Y platelets did not completely 
traverse a cross-section of the specimens. The latter 
possibility appears to provide the most likely explanation of 
the shape of the curves for the polycrystalline specimens.
The magnetisation curves for all the specimens also 
deviated from the ideal case by approaching H_ gradually.
C oC
The magnetic field therefore penetrated the oL regions below 
Hn . In the field region between H v and H , the ©£ regions
v-'OC C 5 CoC
must have been forced into the intermediate state, to a greater 
or lesser extent, by the field configuration produced by the 
normal if regions.
7.7 Report on the theoretical and experimental work subsequent 
to the discovery of the oL Y phase transformation
7-7*1 Theoretical work on the structure of Hg
Weaire (1988a) has predicted a possible crystalline 
structure for the Y  phase of Hg using the pseudopotential 
theory of metals. qL Hg has a rhombohedral structure which is
almost close-packed, having an axial angle of 98° 22* . Weaire 
attributes the ©C phase to the instability of a hypothetical
/
face-centred cubic Hg unit cell with respect to a rhombohedral 
distortion. He noted two minima in the energy with respect/to 
rhombohedral distortions, corresponding to axial angles of 
about 98° and 82°. The former corresponds to oCHg, and he 
suggests that the latter corresponds to the Y  phase.
A possible structure of Y  Hg is therefore the structure 
having the same symmetry as <*LHg, but with an axial angle of 
about 82°. Another possibility considered by Weaire (1968b) is 
a distorted hexagonal close-packed structure with c/a 2*0.
7«7*2 Experimental work on the structure of V  Hg
Some preliminary information about the structure of Y Hg 
has been obtained by Abell (1968b). He has examined the X-ray 
diffraction peaks of a specially cast polycrystalline Hg 
specimen of small grain size. The specimen was strained up to 
100% at a low temperature ( ^20°K ), and the diffraction peaks 
were examined. He observed a broadening of the peaks corres­
ponding to the ©C phase and, in some cases, noted the appear­
ance of new peaks. The new peaks, which annealed out below 
77°K, did not correspond to the ^  phase of Hg, and did not 
appear to be consistent with the peaks that would be produced 
by the X  phase structure predicted by Weaire (1968a).
7.7-»3 Work on the nature of the oC X phase transformation 
Abell (1968a) has analysed the surface traces of the Y 
phase, found on Hg single crystals of square cross-section 
strained at 4.2°K. The traces associated with the Y phase 
were found to lie on planes within a few degrees of { 115} ?
and, because of their morphology and the occurrence of audible 
clicks during deformation, the transformation was deduced to be 
martensitic in character. Experiments on crystals of circular 
cross-section fixed the macroscopic shear direction to within 
a few degrees of <110>. Abell (1968b) has measured the 
macroscopic shear strain magnitude of the plates of Y Hg, and 
has found a mean value of about 0.5* He has suggested two 
simple correspondences by which Y Hg may be related to the 
parent structure, and is investigating the transformation 
quantitatively by means of the theories of martensite 
crystallography.
7 * 8 Summary
The existence of a third phase of Hg, the Y phase, has 
been established. The Y  phase is induced by strain at liquid 
helium temperatures, and, once formed, is stable at atmospheric 
pressure up to about 55°K. It has a superconducting transition 
temperature T^v = 5*74 ± 0.05°K, and a critical field atC o
absolute zero HQ .^ = 500 ±  10 oe.
Y  Hg possibly has a rhombohedral structure, with an axial 
angle of about 82°. The ©£ Y phase transformation is 
martensitic in character, the habit plane and macroscopic 
shear direction being £ 1 1 5 } and <110> respectively.
The work discussed in this chapter has been reported in 
the literature ( Doidge and Eastham (1968) ). A copy of this 
paper is included at the end of this thesis.
CHAPTER 8
SURVEY AND CONCLUDING REMARKS
The experimental results presented in this thesis are 
reviewed in this final chapter. Some general conclusions are 
discussed, and suggestions are made for further work that 
might clarify the interpretation of some of the results.
8.1 The experiments with type II superconductors
8.1.1 The magnetic behaviour
The experiments reported in Chapters 3 and 4 were designed 
to investigate factors affecting magnetic hysteresis in ’soft', 
low K , type II superconducting alloys.
Magnetisation measurements- of rod specimens of 2 wt% Pblny 
taken with a moving search coil pair, showed that a major 
fraction of the mixed state hysteresis could be accounted for 
by complete surface current shielding. The magnitude of that 
part of the hysteresis width not associated with complete 
surface current shielding could be increased by plastically 
straining a specimen at 4-.2°K, and could be subsequently \
decreased by annealing the specimen at room temperature. It 
was concluded that a minor fraction of the mixed state 
hysteresis, at least in the deformed specimens, resulted from 
the pinning of fluxoids in the bulk.
The magnetisation properties of a well-annealed 2 wt% Pbln 
specimen were found to be dependent on the surface condition.
It was shown that a minor fraction of the hysteresis width 
could not be accounted for either by complete surface current 
shielding or by the bulk pinning of fluxoids. It was therefore
suggested that the pinning of fluxoids at the surface of a 
specimen might make a contribution to mixed state hysteresis.
The pinning of surface flux spots, first considered by 
Hart and Swartz (1967), was investigated by measuring the 
variation of magnetisation along the axes of rod specimens 
with a variety of surface conditions. In an increasing field 
below H the magnetisation of a central region of the rods 
was uniform. However, in the mixed state, the magnetisation 
was non-uniform, and the profiles had in some cases a maximum 
and in others a minimum in the central region of the specimens. 
The magnitude of the axial gradients of magnetisation was 
found to depend on the magnetic field H, on the field history, 
and on the surface condition of the specimen.
In an increasing field, the fluxoids were shown to : 
nucleate at the ends of the rods, because of field concen­
trations in those regions. The penetration of flux into the 
central region of the specimens was delayed by the pinning of 
flux spots at locations on the surface. The results showed 
that for all surface conditions studied, except that exhibiting 
weak surface pinning, flux penetration into the central region 
of a specimen did not result from the movement of flux spots 
from the ends towards the centre, but resulted from the 
nucleation of flux spot pairs in the central region and their 
subsequent movement towards opposite ends of the specimen. In 
a decreasing field, flux was expelled by the movement of flux 
spots from one or both ends of a specimen.
A surface flux pinning model has been introduced, in 
which the driving force on flux spots is shown to be of the 
Lorentz type. In the critical state, the pinning force per
unit surface area, oi 5 , is balanced by a driving force Jsn^o, 
where n is the density of surface flux spots, and is the 
surface current associated with the out-of-equilibrium 
induction. The model indicates that the surface of a type II 
superconductor will only support sufficient current to set the 
pinned array of surface flux spots in motion, and thus allow 
changes in the bulk flux density.
The mechanism of surface flux spot pinning may be limited 
to low JC type II superconductors. Plating these materials 
with a layer of normal metal produces a decrease in the 
complete surface current shielding contribution to mixed state 
hysteresis, as found by Schweitzer and Bertman (1966b), by 
Barnes and Fink (1966) and in these results. However, Ullmaier 
and Gauster (1966) and Campbell, Evetts and Dew Hughes (1968) 
found that plating high |C materials produced no change in 
mixed state hysteresis. The latter authors associated the 
surface current shielding hysteresis in high |< PbBi alloys . 
with the pinning of fluxoids at the specimen surface, a 
mechanism distinct from surface flux spot pinning. In view 
of the possibility that different mechanisms may lead to the 
surface currents in the mixed states of low and high K 
materials, it would be interesting to investigate whether rod 
specimens of high k materials, such as 25% NbZr and PbBi 
alloys, could support axial gradients of magnetisation. The 
results would reveal whether the penetration or expulsion of 
flux was delayed by surface flux spot pinning in these 
materials.
The surface flux pinning model suggested that the out-of- 
equilibrium magnetisation of a rod specimen would be
proportional to zn , where z is the axial coordinate and n is 
a number, not necessarily an integer, derived from the 
functional dependence of the pinning force with flux spot 
density. It would thus be useful to study the magnetisation 
profiles of carefully prepared specimens, of different lengths, 
with uniform distributions of surface flux spot pinning 
centres. In order to investigate the nature of the surface 
irregularities which interact with flux spots, it would be 
necessary to examine the specimen surfaces in some detail, 
possibly with a scanning electron microscope.
For further experiments, it would be desirable to devise 
a more accurate and a more convenient method of plotting the 
axial variations of magnetisation. One possibility is to use 
a modification of the vibrating search coil magnetometer 
devised by Farrell (1968). The search coil, having a low 
amplitude vibration, would be sensitive to axial gradients of 
magnetisation. A more sensitive measurement might detect 
variations in the magnetisation of rod specimens in the 
sheath state.
The study of axial variations of magnetisation raises 
doubts as to the usefulness of conventional magnetisation 
measurements with rod specimens of low 1C type II super­
conductors. The results suggest that the shape of the magnet­
isation curve obtained for a specimen would depend on the 
method used for plotting the curve. A Foner (1959) vibrating 
specimen magnetometer is sensitive only to the magnetic state 
of one end of a specimen. Electronic integration of the 
signal from a search coil around a central region of a 
specimen, as the applied field is swept at a constant rate,
indicates only the state of that part of the specimen.
Ballistic measurements made by moving a specimen from the 
centre of one coil to the centre of another would detect an 
average induction. The shape of the magnetisation curve would 
probably depend not only on the method of measurement, but : 
also on the dimensions of the search coils used. The measure­
ments on 2 wt% Pbln were made with a moving search coil pair 
2 cms long. The results, therefore, refer to an average 
magnetisation of a central region of the specimens ( which 
were 7 cms long ), in which there were probably axial gradients 
of magnetisation. In view of the magnetisation profiles 
obtained, it is felt that great care should be taken when 
interpreting magnetisation measurements of low K  type II 
superconductors.
8.1.2 The A.C. response
The response of rod specimens of 2 wt% Pbln to a small, 
low frequency, A.G. field, superimposed on a parallel B.C. 
field, has been reported in Chapter 5- M waveforms and M - H 
minor hysteresis loops have been observed and photographed, 
and the latter have been compared with minor hysteresis loops 
that could be plotted between the boundaries of the static 
magnetisation curve. The response at 64 cps was found to be 
slightly more hysteretic, but otherwise little different from 
that to a slowly changing B.C. field.
The frequency effect was investigated by observing minor 
hysteresis loops, of fixed A.C. field amplitude, at frequencies 
between 23 cps and 256 cps. Changes in complex permeability 
transitions, plotted at different frequencies with the same 
A.C. field amplitude, were correlated qualitatively with
changes in the shape of minor hysteresis loops.
In order to elucidate the nature of the observed frequency 
effects, the transient response of the specimens to an almost 
instantaneous incremental field change was investigated.
Between Hc-^ and the transient response could be analysed
into a short lived exponential and a longer lived transient, 
which was not, in general, a simple exponential. The time 
constant of the short lived exponential was shown to be 
characteristic of the time for bulk flux changes, and, below 
HC2 j yielded a value for the flux flow resistivity of the 
superconductor. The variation of flux flow resistivity with 
flux density was found to be in good agreement with the results 
of Vinen and Warren (1967)* The longer lived transient, 
unlike the short lived exponential, depended on the surface 
condition of the specimen, and was tentatively associated with 
the viscous flow of flux spots along the surface. The bulk 
flux flow time constant was too short to account for the 
observed frequency effects. It was suggested that the 
frequency effects were due primarily to the viscous motion of 
surface flux spots, rather than to a finite relaxation time 
for transitions between low free energy states of the super­
conducting surface sheath, as was proposed by Rollins and 
Silcox (1967)*
Clearly, more experimental work is needed before the 
observed frequency effects with low K type II superconductors 
can be satisfactorily accounted for. If the surface is 
involved, as indicated by the results, then a study of the 
frequency effects for a specimen with a variety of surface 
conditions would prove very useful. It would also be desirable
to devise a method for investigating the kinetics of surface 
flux spots.
Certain surface conditions of a 2 wt% Pbln specimen were 
found to lead to irreversibilities in the complex permeability 
transitions, and to the appearance of flux jumps, first noted 
by Rollins and Silcox (1966), on those parts of the mixed 
state waveforms when flux was expelled from the specimens. In 
order to explain these effects, it was proposed that the 
heating of a surface at which fluxoids are destroyed, observed 
by Otter and Solomon (1966), would reduce the strength of flux 
spot pinning barriers. Rollins and Silcox considered that 
this heating would produce an unstable situation, leading to 
flux jumps. It was proposed that thermal effects would lead 
to a smaller magnetic hysteresis in decreasing fields than in 
increasing fields ( relative to the equilibrium curve ), and 
to irreversibilities in the complex permeability transitions, 
in fields at which the A.C. field amplitude was less than the 
hysteresis width of the magnetisation curve.
The surface condition which gave the most prominent flux 
jumps on the mixed state waveforms was found to lead to the 
largest sheath state magnetisation. The results indicate that 
the magnitude of shielding currents in the sheath state is 
limited by the strength with which surface flux spots are 
pinned, as was suggested by the surface pinning model, and not 
by a free energy criterion, as predicted in the theories of 
Fink and Barnes (1965) and Park (1966).
Magnetisation profiles were plotted for specimens of 
maximum diameter 2.5 mms. Experiments concerned with the
reversibility of the magnetic transition and with the A.C. 
response were carried out with 5 nun diameter specimens. It 
would be desirable to carry out any further experiments with 
specimens of one particular diameter, :so that the three types 
of measurement could be taken on the same specimen with its 
particular surface condition and, if possible, during the 
same helium run.
8.2 The experiments with type I superconductors
^•2.1 Pb, Sn and In
The effect of plastic strain at liquid helium temperatures 
on the magnetisation curves of rod specimens of Pb, Sn and In 
has been described in Chapter 6. It was found that the 
irreversibility in the magnetisation curves of unstrained 
specimens could be decreased by strain at liquid helium 
temperatures. In a number of specimens, a sufficiently high 
strain produced decreasing field magnetisation curves that 
were indistinguishable from the increasing field curves.
Before reversibility was achieved, the specimens exhibited a 
smaller magnetic hysteresis when under tension than when they 
were unloaded. After a Pb specimen had been strained at 
4.2°K, and almost complete reversibility had been induced, it 
was annealed at room temperature, during which it recrystal­
lised. The anneal reintroduced hysteresis into the magnet­
isation curve, and subsequent strain again decreased this 
hysteresis.
The deformation of Pb specimens also produced changes in 
the surface nucleation field HQ .^ The variation of residual 
resistivity of a Pb specimen with strain was measured, and it
was shown that the changes in could not be accounted for 
by the measured changes in resistivity of the specimen. It 
was concluded that there was a higher density of defects near 
the surface than in the bulk of the deformed specimens.
A speculative explanation for the effects observed has
been given. It was suggested that straining the specimens
aided the expulsion of flux just below H. by producing an
increased number of paths along which the superconducting
phase could propagate preferentially. The paths were thought
to be regions of the material in which the electronic mean
free path had been reduced, by extended defects such as
tangles and pile-ups of dislocations. The shape of the
decreasing field magnetisation curves indicated that, as the
specimens were strained, the decreasing fraction of flux
retained just below IL was more firmly trapped. It wasc
suggested that a small persistent current could bridge a 
narrow gap between adjacent superconducting sheets ( in a 
region of reduced electronic mean free path ), without causing 
coalescence, and thus trap flux until the external field was 
reduced to a lower value.
The experiments were carried out with specimens that 
were unavoidably deformed while being fixed into the tenso- 
meter. The work of other authors suggests that if well-' 
annealed, undeformed, single crystal specimens could be 
inserted into the apparatus, they would exhibit much less 
hysteresis than the unstrained specimens used in this invest­
igation. It would be very interesting to study the effect 
of small strains on the magnetisation curves of such specimens. 
It would also be interesting to extend the experiments to
other elements, such as Ta and Tl, and to low concentration 
type I superconducting alloys, such as Snln and InTl, to 
investigate the generality of the effects observed.
8.2.2 Hg_
The increasing field magnetisation curves of Hg specimens 
were found to change shape as the material was strained at 
liquid helium temperatures, an effect not found with Pb, Sn or 
In specimens. The results, reported in Chapter 7* indicated 
a partial strain induced phase transformation.
Once the transformation had been initiated, the field at 
which flux first penetrated a specimen remained constant ( at 
a particular temperature ), independent of further strain.
This field was associated with the critical field of the 
product phase, and a study of its temperature dependence 
showed that the product phase, labelled X , was distinct from 
the phase of Hg. V Hg was found to have a superconducting 
transition temperature of 3«74db0.05°K and a critical field 
at absolute zero of 300 zh 10 oe.
Magnetisation measurements of strained and annealed 
specimens showed that the X  phase transformed back to the oC 
phase at a temperature below about 77°K- The electrical 
resistance of two specimens, which had been heavily strained 
at 4.2°K, was measured as they warmed up. A step in the 
resistance-against-temperature graph at about 53°K was 
observed for both specimens, and this was associated with the
oC phase transformation temperature.
A report has been given of the theoretical and experi­
mental work carried out by colleagues on the structure of
and on the nature of the oL y  phase transformation.
The discovery of the X  phase of Hg places this element 
in a unique position, in that it has three crystallographic 
phases which are all type I superconductors. Schirber and 
Swenson (1961) investigated the effect of crystal structure 
on superconducting properties by comparing critical field data 
for and ^  Hg. They found that zero pressure data supported 
the BOS assumption that superconducting properties are 
independent of crystal structure. Similarity studies with the 
critical field curves of oL , ^ and % Hg would provide a 
further, more critical, test for this assumption. The results 
have shown that well-defined critical field data for Hg can 
be obtained by first straining suitably oriented single 
crystal specimens at liquid helium temperatures.
APPENDIX 1
FLUX LINKAGE IN THE MOVING SEARCH COIL PAIR
A pair of search coils, wound in series opposition and 
with an equal number of area turns, will only have zero flux 
linkage if situated in a uniform magnetic field. The radial 
inhomogeneity of a field will cause a non-zero flux linkage, 
which can be estimated if the axial gradient of field is known,
Maxwell’s equation, div B = 0 , in cylindrical coordinates 
becomes i
± f £ ( - Hr') f A  H* + = o
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with = 0, and with no azimuthal variations, this 
equation becomes §
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Non-zero flux linkage can therefore be caused by the
finite derivatives, \ a n d
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The magnetic field produced by the liquid nitrogen field
coil was homogeneous along an axial length of 8.6 cms, either
side of which it decreased rapidly. The maximum field
gradient, ^ ^  , above the homogeneous field region gave a zero 
b z
in the second derivative, a H 2 . Above and below this zero
b z*
were one maximum and one minimum in the second derivative,
producing zeros in the third derivative, b H 2 .
b z 3
By observing the spot on the fluxmeter to which the 
search coils were connected, as the coils were moved above the 
homogeneous field region, it was found that the non-zero flux 
linkage increased to a maximum and then decreased through 
zero, after which it increased in the opposite sense. At the 
position of the zero, the coil pair was non-inductive to 
changes in the applied field. This was the position to which 
the coils had to be raised, from around a specimen, so that 
the net deflection on the fluxmeter was proportional to the 
magnetisation of the specimen. This position was found to be 
about 11 cms above the centre of the homogeneous field region.
APPENDIX 2
THE CALCULATION OF ji' AND ji"
If an alternating current, i, is passed through the empty
primary of a coil pair with mutual inductance M, then a
potential will be induced across the secondary, equal to -Mdi .
dt
If, however, the primary coil has a conducting core, then 
the potential across the secondary will be modified owing to 
screening currents in the core. The mutual inductance of the 
coil pair will then be complex, M* - iM”, and the core can be 
considered to have a complex permeability, jn* - Ijx'7. The 
complex permeability of a cylindrical conductor has been 
calculated by Landau and Lifshitz (I960) and by Chambers and 
Park (1961). It was found to be a function of the radius, a, 
and the conductivity, <S" , of the conductor, and of the 
frequency of the A.C. field.
The Hartshorn bridge, described in Section 2.2.1, can 
balance separately the real and imaginary components of the 
complex mutual inductance of a coil pair. The coil pair 
contains a superconducting specimen, and the bridge circuit 
can be used to study changes in the complex permeability of 
the specimen throughout a superconducting to normal state 
transition.
The real part of the complex mutual inductance, M ?, is
balanced by a standard mutual inductance, M , which has as
negligibly small imaginary component. The imaginary part, Mat, 
is balanced by a resistance, R, injecting a potential into the 
secondary circuit.
The balance conditions are s M = M* and R = ull”s
In terms of the components of the complex mutual induct­
ance of the coil system containing the specimen, ji* and jr* are
K  = - M s/C ’ r  = M!i - M S/C = R - *B/o •
%  - Ms/c %  - Ms/c w  <Mo - M ’s/c>
where ( M ^ c - (Mf ~ iM:?) and (M£ - iM£) are the
complex mutual inductances of the coil pair with the specimen 
completely superconducting (in zero field), with the specimen 
at any point in its transition, and with an empty coil pair, 
respectively*
The normal state resistivity of the annealed 2 wt% Pbln 
specimen,used for most of the A.C. work, was found to be 
2*4 microhm cms. At the highest frequency used for the 
investigations, 256 cps, the normal state penetration depth,
& , was calculated to be 0.4-9 cms.n
Normal state skin effect calculations ( see Landau and
Lifshitz (I960) ) give s
I -rr1 ^  ^ - 2  4- 1 * -rr - 2>
/ * « = ' -  ^  ^  , ** _ v
3  2.
For the 5 nun diameter 2 wt% Pbln specimen at a frequency
of 256 cps s jx^  = 0.9991 and ^ 1” = 0.0656.
In the calculation of ^ u® and a negligible error is
introduced by substituting Mn ~ Ms/c for Mo * Ms/c- “A is the 
balance of the standard mutual inductor with the specimen in 
the normal state, when it is almost transparent to the A.C. 
field. Thus, the complex permeability of the specimen can be 
calculated from the experimental balance points 2
u 1 = M* - M' / and u» = H - H /
APPENDIX 3
THE INTEGRATOR AMPLIFIER
The waveforms corresponding to the rate of change of 
♦ • 
magnetisation,. M, and induction, B, were integrated in order
to display M - H and B - H minor hysteresis loops. A circuit
diagram of the integrator amplifier is shown in Figure A3»l-
The waveforms were amplified before being integrated by 
a simple RC circuit, consisting of a 100 KIL resistor and a 
5 ^ iF capacitor. The time constant of the integrator, Jz second, 
was more than a factor of ten greater than the periodic time 
of the lowest frequency, 23 cps, used in the A.C. measurements. 
The integrated waveforms could be amplified before being fed 
into the y amplifier of the.oscilloscope fitted with an x-y 
plotter unit.
The input amplifier had a gain of about 5S while the gain 
of the output amplifier was determined by the position of the 
switch. A comparison of the outputs with the inputs of both 
amplifiers showed that they produced no distortion of the 
waveforms.
Over the range of frequencies used in the A.C. 
measurements, 23 cps - 256 cps, the integrator produced 
satisfactory M and B waveforms, and gave minor hysteresis loops 
that were of the shape deduced from the M and B waveforms 
( see Chapter 5 )•
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APPENDIX 4
THE DESIGN OF THE FIELD COIL
A simple calculation of the magnetic field, H(x), on the 
axis of a short multilayer solenoid, of length 21, shows that s
where x is the distance from the centre of the solenoid, 
r^ is the inner radius and r^ the outer radius of the solenoid 
having n turns per unit area of cross-section.
A short multilayer solenoid will not produce a homogeneous 
field over any appreciable axial length. To produce such a 
field it is necessary to consider non-rectangular winding 
spaces, and two of the simplest are shown in Figure A4-.1 (a). 
The second design was chosen as it is simplest to wind, and 
also because it was thought that extra turns might have to be 
added, after the solenoid had been ?i/ound, to improve the field 
homogeneity.
In order to calculate the magnetic field along the axis 
of a solenoid with a winding space of the chosen shape, it is 
necessary to calculate the field that would be produced by the 
* missing turns9, and to subtract this field from that produced 
by a solenoid with a completely rectangular winding space.
This involves the difference of two terms similar to that for 
H(x) above. Clearly, calculations to find the shape of winding 
space that would produce the most homogeneous axial field 
would be very tedious. The University Sirius computor was 
therefore programmed to enable axial field distributions to be
H(x) = 2ITTn (l-x)log rn + Jr? +(l-x) ■ (l+x)log r, + /r? + (1+x)2
y..
d 5
i)
(a)
At —
20 cms 
10 cms
7 cms /|v----
3*3 cms
_ jJi, _ ._v____
o cms
i
& Cb)
Figure A4*l (a) Possible winding space cross-sections for
the production of a homogeneous axial 
field distribution*
Cb) The winding space cross-section computed 
to prodiice the most suitable axial field 
distribution*
plotted for dimensional variations of the particular shape of 
winding space chosen,
The inner radius of the field coil was fixed at 3*5 cms 
to accommodate the liquid helium dewar, and an outer radius of 
7 cms was chosen for convenience. The length of the field coil 
was limited to 20 cms by the space available in the cryostat. 
Thus, in the design shown in Figure A4-.1 (a), the lengths 21, 
r-^  and r^ are fixed, leaving two variable dimensions, r^ and d. 
These parameters were varied, one at a time, in small ’ 
increments, and the computed results of the corresponding axial 
field distributions were examined.
The combination of dimensions that lead to the most 
suitable axial field distibution was s r^ = 6 cms and 
d = 10 cms. According to the computed results, a solenoid 
wound to this shape, shown in Figure A4-.1 (b), would produce a 
field that was homogeneous to 0.095% over an axial length of 
7.2 cms. The field at the centre of the solenoid would only 
be 18% less than that which would be produced by a solenoid 
without the ’missing turns’.
The field coil was vyound to this shape, as described in 
Section 2.5*2. The actual axial field distribution has been 
compared with the computed field distribution in Figure 2.7*
APPENDIX 3
THE CONSTANT-CURRENT POWER SUPPLY
A stabilised constant-current power unit, capable of 
supplying a continuously variable current of up to 23 amps 
into the liquid nitrogen cooled field coil, was designed and 
constructed. A circuit diagram of the unit is shown in 
Figure A3.1-
A stabilised 18 volt D.C. potential source is derived 
from the mains supply via a step-down transformer. This 
potential is dropped across a 270X1 resistor and two 6 volt 
Zener diodes. In order to change the current flowing in the 
field coil, connected across the output terminals of the power 
unit, the potential tapped off from across one of the Zener 
diodes is varied by means of a 2 Ksl potentiometer, which can 
be very finely adjusted. The voltage across a 0.16 XI reference 
resistor, in series with the field coil, is compared with the 
voltage tapped off the Zener diode, and the difference is 
amplified. The output from the differential amplifier is 
further amplified to increase the power of the signal, and is 
fed into the bases of a series of five power transistors.
The change in the base potential of these transistors changes 
their collector-emitter conductance in such a sense as to 
decrease the difference between the potential across the 
reference resistor and that tapped off the Zener diode. 
Fluctuations in the field coil current, and hence in the 
voltage across the reference resistor, are similarly stabilised.
The five power transistors, rated to have a maximum 
dissipation of 60 watts at 20°C, were mounted on an aluminium
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heat sink. Since they are required to pass currents of up to 
25 amps, the voltage across them must be kept down to a low 
value, 2 volts at the upper current levels. It was there-- 
fore necessary to incorporate a voltage pre-regulator into 
the power unit.
The power unit is supplied with 175 volts, derived from 
the mains via a step down transformer, full wave rectif­
ication is achieved by a bridge rectifier, consisting of two 
diodes and two thyristors, and the voltage .is smoothed by 
three 7' mH chokes and three 5000 jjfi? electrolytic capacitors. 
The two thyristors in the bridge rectifier are fired, at a 
particular instant in each A.C. half cycle, by the pulse 
transformer in the voltage pre-regulator. If the voltage 
across the power transistors and the reference resistor is 
less than about 5 volts, the 0.22 capacitor, C, charges up 
quickly and causes the pulse transformer to fire the 
thyristors early in the A.C. half cycle. The resultant ; 
periodic voltage is smoothed by the chokes and capacitors to 
a fairly high level. If, however, the voltage across the 
power transistors and reference resistor is greater than about 
5 volts, the capacitor, C, charges up more slowly and causes 
the pulse transformer to fire the thyristors later in the A.C. 
half cycle. The smoothed voltage level is thus reduced, 
dropping the voltage across the power transistors to a safe 
level.
The power supply produced a continuously variable current 
from 0.2 amps to 25 amps, and could be operated safely at all 
current levels without overheating. The long term stability 
was tested, at various current levels, over periods of up to
an hour, and was found to be better than 0.1%. The short term 
stability was investigated by displaying the fluctuations in 
the voltage across the liquid nitrogen cooled field coil on 
an oscilloscope * The voltage fluctuations, with a 50 cps 
reference signal, are shown in figure A5.2, for currents of 
1 amp and 15 amps flowing in the field coil. The voltage 
scale for both photographs was 10 mV per large graticule 
division.
figure A5.2 The voltage across the field coil ( resistance 
= 5.5 ohms ) for currents of 1 amp and 15 amps
The short term stability of the power unit was 0.40% at
1 amp, 0.14% at 5 amps and 0.06% at 15 amps. This periodic 
ripple on the current in the field coil interfered with the 
A.C. measurements, but was found to have no effect on the 
magnetisation measurements. The field coil was powered by the 
constant-current supply for the latter measurements, but it 
was necessary to use a voltage source provided by a series of
2 volt accumulators for the A.C. measurements.
APPENDIX 6
THE ELECTRONIC CURRENT SWITCH
In order to study the rate with which flux enters or 
leaves a type II superconductor, a current switch was required 
that would produce a step function of current in a small 
solenoidal field coil. A simple make-and-break switch 
produced undesirable current surges, so that a more sophist­
icated switch was necessary.
An electronic current switch was therefore constructed, 
a circuit diagram of which is shown in Figure A6.1. The 
basic circuit is a bistable multivibrator, or flip-flop, 
element. This consists of two transistors, and T2 * common- 
emitter orientated, and cross-coupled from collector to 
alternate base. This circuit has two stable states, when one 
or other of the transistors is conducting, or on, and will 
remain indefinitely in one, until triggered into the opposite 
state.
Suppose that, in the initial condition, T-^  is on, i.e. 
conducting between collector and emitter, and that T2 is off. 
T-^  has a positive base potential, relative to the emitters, 
being coupled to the 6 volt collector potential of T^- T2 
has a small positive base potential, being coupled to the T-^ 
collector potential of about 0.2 volts. In order to trigger 
the bistable circuit into the opposite state, a positive 
voltage pulse is applied to the bases of T-^ and T2* The 
voltage pulse raises the base potential of T2 , turning this 
transistor on. The collector potential of immediately 
drops and drags down the base potential of T-^  through the RC
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coupling circuit, turning this transistor off.
The output circuit serves as a current amplifier, to 
allow currents of up to 4- amps to be passed through the 
solenoidal field coil. In the initial state, T-^ is on, T^ off 
T^ on, T^ off, and T^ off. There is thus no current passing 
through the solenoid. The transistors change state on 
triggering the bistable multivibrator circuit, causing T^ to 
conduct and a current, controlled by the variable resistor, to 
pass through the solenoid.
The voltage across the solenoid was observed on an 
oscilloscope as the circuit was triggered? the switch was 
found to produce a satisfactory step function of current.
The decay time of the voltage induced in a 200 turn search 
coil, wound onto a glass tube within the solenoidal field coil 
was equal to about 1 jisec., much shorter than the time 
constants characteristic of flux changes in the 2 wt% Pbln 
specimen.
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Evidence for a Third Phase of Mercury
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A b s t r a c t
I t  has been found that tensile deformation at liquid helium temperature 
partially transforms a-mercury to  a y  phase which is distinguished from the 
a and f  phases by  having a lower superconducting critical field curve and a 
lower transition temperature (21cy= 3-74+ 0*05°k  compared w ith the values 
found by  Schirber and Swenson (1961), 21C0, = 4 ,153°k and 2,Cjg=3-949°E). 
Resistance measurements show that the y  phase transforms back to  a-mercury 
at about 53°k.
T h e  simple rhombohedral a phase of mercury remains unchanged at 
atmospheric pressure down to liquid helium temperatures (Barrett 1957). 
Bridgman (1935) first observed a transition under pressure to the phase, 
which was found to have a body-centred tetragonal structure by Atoji, 
Schirber and Swenson (1959). Swenson (1958) found that this j3 phase, 
once formed, was stable at atmospheric pressure up to 79 °k, at which 
temperature it transformed back to the a phase. High pressure was found 
to  be necessary and in addition shear was helpful in forming the (3 phase, 
and Schirber and Swenson (1962) suggested that the transformation was 
martensitic in nature. In the present investigation we have found that 
simple tensile deformation of a-Hg at 4-2°k partially transforms it to a 
phase which has a lower superconducting transition temperature and 
critical field curve than those of either the a or phases as found by  
Schirber and Swenson (1961); we therefore call it the y  phase.
For superconducting magnetization measurements rod specimens 7 cm 
long and 2-4 mm diameter were prepared from triply distilled mercury 
having about 1 p.p.m. non-gaseous impurities. The rods were gripped in a 
simple tensometer and pulled in tension in liquid helium. The magnetiza­
tion M  was determined from fluxmeter deflections on moving a pair of 
oppositely wound co-axial coils from one position around the middle of the 
specimen to another remote from the specimen; in both positions there was 
zero mutual inductance between the empty coil pair and the field coil.
Evidence for the y  phase is shown in the magnetization curves of figs. 
1 (a) and (6), which were obtained in increasing field from, respectively, a
656 Correspondence
single crystal and a polycrystal of mean grain size 2 mm. Prior to recording 
each magnetization curve the magnetic field had been increased to a value 
greater than the critical field H Ca for the a phase and then had been reduced 
slowly to zero, leaving the specimens with some trapped flux. After 
obtaining the curves 1 to 4 of fig. 1 (a), which show the progressive effect of 
increasing deformation, the single crystal specimen was annealed for 12 
hours at a temperature near 77°k after which the magnetization curve 5 
taken at 2*11 ° k  reverted to that for the pure a phase. Three other nearly 
single crystals were strained at liquid helium temperatures, two of which 
yielded magnetization curves similar to those of fig. 1 (a) but with less 
pronounced inflexion; the third yielded curves similar to those of fig. 1 (b) 
for a polycrystalline specimen. All sets of curves have the following 
features in com m on:
(i) The field at which —4,ttM  falls to zero remains approximately 
unchanged throughout the deformation and is the critical field H C(X of 
the a phase.
(ii) The field at which the magnetization first deviates from the perfect 
diamagnetic also remains unchanged throughout the deformation; 
this we identify as the critical field H Cy of the supposed y  phase.
Fig. 1
300 r 300
Hey
200 200
100 100
100 200 300 100 200 300
H (0 e ) H (0 e )
(b)
Magnetization curves in increasing field H. (a) For a single crystal at 211°k: 
curve 1, unstrained; 2, 2*8%; 3, 5*7%; 4, 13-3% strained at 211°k; 
curve 5, after anneal near 77°k; (b) for a polycrystal at 2-16°k: curve 1, 
unstrained; 2, 5-5%; 3, 11*1%; 4, 22-2% strained at 2-16°k.
The variety of shapes of the magnetization curves between the extremes 
of figs. 1 (a) and (6) is probably due to differences in orientation of the 
transformed regions relative to the specimen a x is; there is some evidence 
from surface traces left on the rods that these regions are platelets, spanning 
the whole cross section in some of the monocrystalline specimens. In the
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hypothetical case o f a specimen split up into plates of a and y phase 
parallel to the rod axis one would expect a linear superposition o f two type I  
magnetizations, and curve 4 of fig. 1 (a) is the nearest approach to this case. 
For all other orientations of the plates the magnetization behaviour in 
the range of fields H Cy to H Ca will be complicated by the formation of the 
superconducting intermediate state and by the screening of y  regions by  
a regions.
Fig. 2
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3 -0 4 -0
(a)
(a) The superconducting critical field curve for y-Hg compared with those 
for a and /3-Hg as determined by Schirber and Swenson (1961); (6) 
the resistances R(l) and R(2) of two specimens, previously strained 
about 30% at 4-2 °k, as a function of increasing temperature showing 
the transformation back to a-Hg at about 53°k .
The critical field curve for the y phase is shown in fig. 2 (a) together with 
those for a and /3-Hg found by Schirber and Swenson (1961). Values 
o f H Cy were found from feature (ii) above, as shown in fig. 1, from results on 
three specimens which had been strained about 30% at 4*2°k , and on three 
others which had been strained at a temperature below T Cy. Extrapolation  
yields a value T Cy=  3-74 + 0-05°k , compared with T cf3 =  3-949°k  and 
T Ca =  4-153°k  (Schirber and Swenson 1961).
The increase of resistance on warming up two typical specimens which 
had previously been strained about 30% at 4*2°k is shown in fig. 2(6); 
the temperature, 53 + 3°k, of the sharp increase is reproducible, and no 
further steps were observed up to 100°k. From this, and from curve 5 of 
fig. 1 (a), it can be concluded that the y phase transforms directly back to the 
a phase. The magnitude of the step at about 53 °k varies from one specimen 
to another, presumably according to the degree of transformation achieved. 
The magnetization measurements, such as are shown in fig. 1 (a) for a speci­
men of favourable crystallographic orientation, suggest that the fraction by  
volume of transformed material increases rapidly with strain up to about 5 %
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and then subsequently less rapidly. Optical examination of surface traces 
on the same specimen indicated that about half was transformed by a strain 
of 13%.
A study of the crystallography of the transformation, including an 
x-ray diffraction determination of the structure of the y  phase, has been 
initiated in this Department. I t  is of interest that Weaire (1968) has 
predicted on the basis of pseudopotential theory that the y  structure 
might be obtained from face-centred cubic by the opposite rhombohedral 
distortion to that which produces the a structure (regarded as face-centred 
rhombohedral). Another possibility considered by Weaire (1968) is a 
distorted hexagonal close-packed structure with c/a about 2-0.
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